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INTRODUCTION 

The  Center  of  Excellence  Grant  is  completing  four  independent,  interconnected  and 
synergistic  tasks  to  achieve  the  goal  and  answer  the  overarching  question:  to  discover  the 
mechanism  of  estrogen-induced  breast  cancer  cell  apoptosis  and  establish  the  clinical  value 
of  short-term  low  dose  estrogen  treatment  to  cause  apoptosis  in  antihormone  resistant 
breast  cancer.  To  achieve  the  goal,  we  had  established  an  integrated  organization  (Fig.  1)  with 
a  first  class  advisory  board  that  links  clinical  trials  (Task  1)  with  laboratory  models  and 
mechanisms  (Task  2)  proteomics  (Task  3)  and  genomics  (Task  4). 


Figure  1 


Figure  1.  Organization  of  the  COE. 

Completion  of  the  Reorganization  of  the  COE 

The  past  year  has  seen  a  dramatic  increase  in  our  training  of  new  staff  that  has  added  to 
our  productivity  and  guarantees  that  we  will  maintain  our  trajectory  to  expand  knowledge  in  this 
important  new  area  of  women’s  health. 

Our  work  is  having  significant  impact  in  the  clinical  trials  community  with  the  recent 
publication  of  the  Women’s  Health  Initiative  study  of  estrogen  replacement  therapy  alone  in 
hysterectomized  women  that  shows  an  actual  decrease  in  the  incidence  of  breast  cancer  (1,  2). 
This  exciting  new  development  in  women’s  health  finds  its  scientific  foundation  in  our 
innovative  grant  and  poised  to  define  the  mechanisms  necessary  to  exploit  estrogen  therapy 
further  in  the  clinic.  The  work  that  we  are  refining  will  form  the  basis  of  an  invited  series  of 
reviews  on  the  molecular  mechanism  of  estrogen-induced  apoptosis.  Through  the  award  of  this 
Center  of  Excellence  Grant  from  the  DOD,  we  have  demonstrated  innovation  in  solving 
fundamental  problems  in  women’s  health  at  the  molecular  level. 
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BODY 

TASK  1:  (LCCC/Isaacs)  -  To  conduct  exploratory  clinical  trials  to  determine  the  efficacy 
and  dose  response  of  pro-apoptotic  effects  of  estroeen  [Estracel  in  patients  following  the 
failure  of  two  successful  antihormonal  therapies. 

Task  la:  (Isaacs)  -  To  confirm  the  efficacy  of  standard  high  dose  estrogen  (Estrace)  therapy 
and  then  determine  a  minimal  dose  to  induce  tumor  regression. 

Here  we  report  work  completed  on  Task  la  at  the  LCCC  and  FCCC  sites  during  year  5  of  this 
COE. 

Clinical  trial  conducted  by  Claudine  Isaacs,  MD 


DOSE  DE-ESCALATION  OF  ESTROGEN  (ESTRACE)  TO  REVERSE 
ANTIHORMONE  RESISTANCE  IN  PATIENTS  ALREADY  EXHAUSTIVELY 
TREATED  WITH  ANTIHORMONE  THERAPY 

Work  Accomplished: 

In  May  2011,  Astra  Zeneca  elected  to  withdraw  funding  for  the  conduct  of  the  clinical 
trial.  As  a  result  of  the  lack  of  funding,  accrual  at  the  Fox  Chase  Comprehensive  Cancer  Center 
(FCCC)  and  other  affiliated  sites  had  to  be  terminated.  Institutional  funds  were  secured  for 
continued  accrual  for  the  study  at  the  Lombardi  Comprehensive  Cancer  Center  (LCCC).  After 
careful  consideration,  the  trial  was  therefore  permanently  closed  to  accrual  at  FCCC  and 
affiliates  but  remained  open  at  LCCC.  The  protocol  was  transitioned  to  LCCC  under  the 
direction  of  Claudine  Isaacs,  MD.  A  protocol  amendment  was  submitted  to  the  Department  of 
Defense  to  reflect  the  change  of  PI  and  closure  to  accrual  at  the  other  sites.  After  DOD  approval, 
the  amended  protocol  was  submitted  to  the  IRB  at  Georgetown  University.  During  this  process, 
there  was  a  temporary  cessation  in  accrual.  Once  the  study  was  resumed,  screening  began  at 
LCCC  and  1  patient  has  been  accrued.  She  is  currently  on  week  8  of  Estrace  and  tolerating  it 
well.  Additionally,  Dr.  Ramona  Swaby  left  FCCC  and  Dr.  Mary  Daly  temporarily  took  over  as 
PI  of  the  study  at  FCCC.  The  FCCC  site  is  now  closed. 

One  of  the  barriers  to  accrual  noted  by  FCCC  and  other  sites  had  to  do  with  the  dosing  of 
estradiol.  A  recent  randomized  phase  II  study  had  examined  the  impact  of  lower-dose  versus 
higher-dose  estrogen  therapy  in  women  with  advanced  hormone  receptor  positive  breast  cancer 
who  had  evidence  of  disease  resistance  to  aromatase  inhibitors  (3).  In  this  study,  the  clinical 
benefit  rate  in  both  groups  were  nearly  identical  28%  in  those  receiving  30  mg/daily  versus  29% 
in  those  receiving  6  mg/daily.  However,  the  adverse  event  rate  (>  grade  3)  was  significantly 
lower  in  those  receiving  6  mg/daily  (18%)  as  compared  to  a  34%  rate  in  those  on  30  mg/daily  (p 
=  .03).  Given  the  similar  benefit  rate  with  better  tolerance  profile,  we  elected  to  modify  our 
protocol  to  6  mg/daily.  This  amendment  is  currently  under  review  at  the  DOD  and  once 
approved  will  be  submitted  to  the  IRB  at  Georgetown  University.  Once  this  is  approved  we 
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plan  to  expand  our  accrual  to  other  sites.  We  also  plan  to  advertise  the  protocol  and  anticipate 
that,  given  the  interest  of  patients  and  their  caregivers  in  prolonging  the  efficacy  of  endocrine 
therapy  as  well  as  the  excellent  tolerability  of  the  lower  dose,  that  accrual  will  increase. 


TASK  2;  IGU/Jordan)  -  To  elucidate  the  molecular  mechanism  of  E?  (estrogen)  induced 
survival  and  apoptosis  in  breast  cancer  cells  resistant  to  either  selective  ER  (estrogen 
receptor)  modulators  (SERMs)  or  long-term  estroeen  deprivation. 

Task  2a:  (Ariazi  and  Jordan)  -  To  complete  a  series  of  experiments  using  sets  of  well 
defined  breast  cancer  models  of  E2-induced  survival  and  apoptosis  in  vivo  and  in  vitro  [at 
the  FCCC].  FCCC  will  generate  protein  samples  for  proteomic  analyses  [carried  out] 
under  Task  3  [at  GU]  and  RNA  samples  for  gene  expression  microarray  analyses  [carried 
out]  under  Task  4  [at  Translational  Genomics  Research  Institute  (TGen)]. 

Fstrogen-induces  Apoptosis  in  Fstrogen  Deprivation-resistant  Breast  Cancer  Through 
Stress  Responses  as  Identified  by  Global  Gene  Expression  Across  Time. 

Work  Accomplished: 

The  data  and  analysis  completed  during  the  year  for  this  task  are  summarized  in  the  publication: 
Ariazi,  E.A.,  Cunliffe,  H.E.,  Lewis-Wambi,  J.S.,  Slifker,  M.J.,  Willis,  A.L.,  Ramos,  P.,  Tapia,  C., 
Kim,  H.R.,  Yerrum,  S.,  Sharma,  C.G.N.,  Nicolas,  E.,  Balagurunathan,  Y.,  Ross,  E.A.  and  Jordan, 
V.C.  (2011).  Estrogen-induces  Apoptosis  in  Estrogen  Deprivation-resistant  Breast  Cancer 
Through  Stress  Responses  as  Identified  by  Global  Gene  Expression  Across  Time.  Proceedings  of 
the  National  Academy  of  Sciences  U.S.A.  108:18879-18886  (see  #7  in  Appendix).  These  data 
serve  as  our  primary  database  for  all  subsequent  studies  to  be  conducted  during  our  no  cost 
extension. 


TASK  2:  (GU/Jordan)  -  To  elucidate  the  molecular  mechanism  of  Ei  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  selective  ER  modulators  (SERMs)  or 
long-term  estrogen  deprivation. 

Task  2b-l:  (Fan  and  Jordan)  -  To  investigate  the  function  of  the  tyrosine  kinase  c-Src  in 
E2-induced  breast  cancer  cell  survival  and  apoptosis. 

Task  2b- 1:  (Fan  and  Jordan)  -  Studies  carried  out  by  Dr.  Ping  Fan  in  the  Jordan  laboratory  at 
Georgetown  University 

Modulating  Therapeutic  Effects  of  c-Src  Inhibitor  via  Estrogen  Receptor  and  HER2  in 
Breast  Cancer  Cell  Lines 
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Introduction: 

Estrogen  receptor  (ER)  and  human  epidermal  growth  factor  receptor  2  (HER2)  are  two 
successful  therapeutic  targets  in  breast  cancer.  c-Src  functions  as  an  important  adapter  protein 
with  ER  and  HER2,  which  validates  it  as  an  attractive  target  for  the  treatment  of  breast  cancer. 
However,  a  very  recent  phase  II  clinical  trial  shows  that  a  c-Src  inhibitor,  dasatinib,  had  limited 
single-agent  activity  in  patients  with  HER2-I-  and/or  hormone  receptor  (HR)-i-  advanced  breast 
cancer  (4).  Therefore,  a  specific  c-Src  inhibitor,  PP2,  was  utilized  to  block  c-Src  activity  to 
identify  targeted  vulnerabilities  affected  by  ER  and  HER2  in  a  panel  of  breast  cancer  cell  lines 
{i.e.  MCF-7,  T47D,  ZR-75-1,  BT474,  MCF-7:5C,  MCF-7:2A,  MDA-MB-231,  Sk-Br-3,  MCF- 
7/F,  and  T47D:C42).  The  anti-proliferative  effect  of  PP2  correlated  with  blocking  c-Src  mediated 
ERK/MAPK  and/or  PI3K/Akt  growth  pathways.  The  signaling  pathways  of  c-Src  were 
modulated  by  ER  and  HER2  in  breast  cancer  cells.  Inhibition  of  c-Src  tyrosine  kinase 
predominantly  blocked  ER  negative  breast  cancer  cell  growth,  particularly  the  triple  {i.e.  ER, 
progesterone  receptor  (PR),  and  HER2)  negative  cells.  In  contrast,  ER  negative  Sk-Br-3  cells 
with  highest  HER2  phosphorylation  were  resistant  to  PP2,  in  which  over-activated  HER2 
directly  regulated  growth  pathways  but  not  through  c-Src.  However,  blocking  c-Src  recovered 
ER  expression  which  made  Sk-Br-3  cells  regain  responses  to  4-hydroxytamoxifen.  The  majority 
of  ER  positive  breast  cancer  cells  were  not  sensitive  to  PP2  regardless  of  wild-type  or  endocrine 
resistant  cell  lines.  Overall,  c-Src  mediates  the  essential  role  of  growth  pathways  in  ER  negative 
breast  cancer  cells  without  HER2  over-activation.  ER  expression  and  HER2  over-activation  are 
two  important  predictive  biomarkers  for  the  resistance  to  a  c-Src  inhibitor.  These  data  provided 
an  important  therapeutic  rationale  for  patient  selection  in  clinical  trials  with  c-Src  inhibitors  in 
triple  negative  breast  cancer. 

Work  Accomplished: 

Baseline  levels  of  ER,  HER2,  and  c-Src  activation  in  a  panel  of  breast  cancer  cell  lines 

We  addressed  the  question  whether  expression  of  ER  and  growth  factor  receptors  would 
affect  the  therapeutic  effects  of  the  c-Src  inhibitors  in  breast  cancer  cells.  To  answer  this 
question,  a  panel  of  wild-type  (MCF-7,  T47D,  ZR-75-1,  BT474,  MDA-MB-231,  and  Sk-Br-3) 
and  endocrine  resistant  (MCF-7:5C,  MCF-7:2A,  MCF-7/F,  and  T47D:C42)  breast  cancer  cell 
lines  were  investigated.  Baseline  levels  of  ER,  HER2,  EGFR,  and  c-Src  were  measured  by 
immunoblot  analysis.  They  all  keep  their  biological  characteristics  with  differential  levels  of  ER, 
PR,  HER2,  and  EGFR  (Fig.  2A  and  2B).  All  cell  lines  expressed  detectable  levels  of  total  c-Src, 
whereas  they  manifested  different  levels  of  phosphorylated  c-Src  (Fig.  2C).  Although  there  is  no 
clear  relationship  between  c-Src  phosphorylation  and  HR  expression  (Fig.  2D)  after  normalized 
by  total  c-Src  among  tested  cell  lines,  interestingly,  we  observe  that  c-Src  is  activated  in  resistant 
cell  lines  compared  with  respective  parental  cell  lines  (MCF-7:5C,  MCF-7:2A,  and  MCF-7/F 
versus  MCF-7,  T47D:C42  versus  T47D). 
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Figure  2 
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Figure  2.  Baseline  expression  of  hormone  receptors  and  growth  factor  receptors  in  different  cell  lines.  2A. 
Baseline  ERa  and  PR  expression  levels  in  different  cell  lines.  MCF-7,  T47D,  ZR-75-1,  BT474,  MDA-MB-231, 
Sk-Br-3,  and  MCF-7/F  cells  were  cultured  in  estrogenized  medium  (10%  FBS).  MCF-7:5C,  MCF-7:2A,  and 
T47D:C42  cells  were  cultured  in  phenol  red  free  medium  containing  charcoal- stripped  serum  (10%  SFS).  Cell 
lysates  were  harvested.  ERa  and  PR  expression  levels  were  examined  by  immunoblotting  with  primary  antibodies. 
Immunoblotting  for  p-actin  was  determined  for  loading  control.  2B.  Baseline  HER2  and  EGFR  expression  levels 
in  different  cell  lines.  Cell  lysates  were  harvested  as  above.  HER2  and  EGFR  expression  levels  were  examined  by 
immunoblotting  with  primary  antibodies.  Immunoblotting  for  p-actin  was  determined  for  loading  control.  2C. 
Baseline  c-Src  phosphorylation  in  different  cell  lines.  Cell  lysates  were  harvested  as  above.  Phosphorylated  c-Src 
and  total  c-Src  were  detected  by  immunoblotting  with  primary  antibodies.  Immunoblotting  for  p-actin  was  used  for 
loading  control.  2D.  Quantification  of  phosphorylated  c-Src  by  total  c-Src.  Phosphorylated  c-Src  in  different  cell 
lines  was  quantified  by  the  total  c-Src  using  Quantity  One  software  from  Bio-Rad. 

The  c-Src  inhibitor  effectively  blocked  ER  negative  breast  cancer  cell  growth. 

The  anti-proliferative  effeet  of  PP2  eorrelated  with  bloeking  e-Sre  mediated  ERK/MAPK 
and/or  PI3K/Akt  growth  pathways.  The  signaling  pathways  of  e-Sre  were  modulated  by  ER  and 
HER2  in  breast  eaneer  eells.  The  growth  inhibitory  effeets  by  the  e-Sre  inhibitor  on  ER  positive 
eells  appear  to  be  more  eomplex  than  on  ER  negative  eells.  Inhibition  of  e-Sre  tyrosine  kinase 
predominantly  bloeked  ER  negative  breast  eaneer  eell  growth,  partieularly  the  triple  {i.e.  ER,  PR, 
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and  HER2)  negative  cells  (Fig.  3A).  The  majority  of  ER  positive  breast  cancer  cells  were  not 
sensitive  to  PP2  regardless  of  wild-type  or  endocrine  resistant  cell  lines  (Fig.  3B  and  3C).  In 
contrast,  ER  negative  Sk-Br-3  cells  with  highest  HER2  phosphorylation  were  resistant  to  PP2 
(Fig.  3B),  in  which  HER2  directly  regulated  growth  pathways  but  not  through  c-Src. 

Figure  3 


MDA-MB-231  Sk-Br-3  MCF-7/F  T47D:C42 


MCF-7  T47D  ZR-75-1  BT474  MCF-7:5C  MCF-7:2A 


Figure  3.  Growth  inhibitory  effects  of  the  c-Src  inhibitor  on  a  panel  of  breast  cancer  cells.  3 A.  Growth 
inhibitory  effects  of  PP2  on  ER  negative  cells.  ER  negative  cells  were  seeded  in  24-well  plates  in  triplicate.  After 
one  day,  the  cells  were  treated  with  vehicle  (0.1%DMSO)  and  PP2  (5pM)  in  10%  SFS  medium.  The  cells  were 
harvested  after  7  days  treatment  and  total  DNA  was  determined  using  a  DNA  fluorescence  quantitation  kit.  3B. 
Growth  inhibitory  effects  of  PP2  on  ER  positive  wild-type  cells.  Wild-type  ER  positive  cells  were  seeded  in  24- 
well  plates  in  triplicate.  After  one  day,  the  cells  were  treated  with  vehicle  (0.1%DMSO)  and  PP2  (5pM) 
respectively.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was  determined  as  above.  3C.  Growth 
inhibitory  effects  of  PP2  on  ER  positive  endocrine  resistant  cell  lines.  MCF-7:5C  and  MCF-7:2A  cells  were 
seeded  in  24-well  plates  in  triplicate.  After  one  day,  the  cells  were  treated  with  vehicle  (0.1%  DMSO)  and  PP2 
(5pM)  respectively  in  culture  medium.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was 
determined  as  above. 
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The  c-Src  affected  the  function  of  ER  in  ER  positive  cells. 

Since  estrogen  stimulates  the  growth  of  ER  positive  wild-type  breast  cancer  cells,  four 
ER  positive  wild-type  breast  cancer  cells  were  stimulated  by  estrogen  (E2)  to  grow  with  different 
sensitivity  (Fig.  4A).  Notably,  PP2  could  not  block  the  proliferation  induced  by  E2  in  MCF-7 
and  ZR-75-1  cells  but  partially  abolished  E2  stimulation  in  T47D  and  BT474  cells  (Fig.  4A). 
These  results  indicated  that  c-Src  might  play  a  distinct  role  in  mediating  E2  signaling  in  wild- 
type  cells.  In  two  endocrine  resistant  cells  (MCF-7:5C  and  MCF-7:2A),  that  overexpress  ER, 
PP2  could  block  c-Src  activation  and  abolished  about  25%  of  proliferation  in  MCF-7:5C  cells, 
but  without  any  inhibition  in  MCF-7:2A  cells  (Fig.  3C).  Our  previous  data  showed  that  E2  has 
therapeutic  function  to  induce  apoptosis  in  long-term  E2  deprived  breast  cancer  cells.  We 
reasoned  that  a  combination  of  PP2  with  E2  would  enhance  E2-induced  apoptosis.  Surprisingly, 
PP2  did  not  enhance  the  growth  inhibitory  effects  of  E2  on  these  two  cell  lines,  but  blocked  the 
growth  inhibition  induced  by  E2  (Fig.  4B  and  4C).  These  data  implied  that  E2-triggered  apoptosis 
might  be  utilizing  c-Src  tyrosine  kinase  as  an  important  signaling  pathway.  We  are  currently 
investigating  the  mechanisms  of  how  the  c-Src  inhibitor  blocks  E2-triggered  apoptosis.  We  will 
show  related  data  in  the  following  part. 
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Figure  4 
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Figure  4.  4A.  The  PP2  had  different  effects  on  E2  stimulation  in  ER  positive  wild-type  cells.  Wild-type  ER 
positive  cells  were  changed  to  E2  free  medium  for  3  days.  Then,  they  were  seeded  in  24-well  plates.  After  one  day, 
the  cells  were  treated  with  vehicle  (0.1%  EtOH),  E2  (lO'^mol/L),  PP2  (5pM),  and  E2  (lO'^mol/L)  plus  PP2  (5pM) 
respectively  in  E2  free  culture  medium.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was 
determined  as  above.  4B.  The  PP2  blocked  E2-induced  inhibition  in  MCF-7:5C.  MCF-7:5C  cells  were  seeded  in 
24-well  plates  as  above.  After  one  day,  the  cells  were  treated  with  vehicle  (0.1%  EtOH),  E2  (lO'^mol/L),  PP2  (5pM), 
and  E2  (lO'^mol/L)  plus  PP2  (5pM)  respectively.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was 
determined  as  above.  4C.  The  PP2  blocked  E2-induced  inhibition  in  MCF-7:2A.  MCF-7:2A  cells  were  seeded  in 
6-well  plates.  After  one  day,  the  cells  were  similarly  treated  as  in  MCF-7:5C  cells.  The  cells  were  harvested  after  14 
days  treatment  and  total  DNA  was  determined  as  above. 

Activation  status  of  HER2  determined  the  inhibitory  effects  of  the  c-Src  inhibitor. 

HER2  overexpression  leads  to  a  very  aggressive  eaneer  phenotype  and  poor  patient 
survival  (5).e-Sre  is  known  to  bind  to  HER2  and  is  thus  aetivated  in  HER2-overexpressing 
eaneer  eells.  BT474  and  Sk-Br-3  eells  overexpress  endogenous  HER2  (Fig.  5A),  however,  they 
had  different  responses  to  PP2  (Fig.  3A  and  3B).  To  examine  whether  HER2  aetivation  affeets 
the  inhibitory  rate  of  PP2,  phosphorylation  of  HER2  was  evaluated.  HER2  was  highly  aetivated 
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in  Sk-Br-3  cells  which  made  it  hypersensitive  to  lapatinib,  a  dual  tyrosine  kinase  inhibitor  of 
HER2  and  EGFR  (Fig.  5A  and  5B).  The  growth  inhibitory  effects  by  lapatinib  corresponded  to 
the  levels  of  phosphorylated  HER2  (Fig.  5A).  We  observed  that  HER2  hyper-activation  rendered 
breast  cancer  cells  completely  resistant  to  PP2;  the  higher  HER  phosphorylation,  the  lower 
responsive  rate  to  PP2  (Fig.SB).  This  was  further  confirmed  by  S  phase  changes  through  flow 
cytometric  analysis  (Fig.  5C).  Lapatinib  reduced  S  phase  in  cells  with  higher  HER2 
phosphorylation,  conversely,  PP2  was  effective  in  cells  with  lower  HER2  phosphorylation  (Fig. 
5C). 


Figure  5 
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Figure  5.  Activation  status  of  HER2  determined  the  inhibitory  effects  of  the  c-Src  inhibitor.  5A.  Baseline 
HER2  phosphorylation  in  different  cell  lines.  Cell  lysates  were  harvested  from  different  cells.  Phosphorylated 
HER2  and  total  HER2  were  examined  by  immunoblotting  with  primary  antibodies.  Immunoblotting  for  p-actin  was 
determined  for  loading  control.  5B.  Inhibitory  effects  of  the  HER2  inhibitor  and  the  c-Src  inhibitor  on  cells 
with  elevated  HER2  phosphorylation.  Sk-Br-3,  BT474,  T47D:C42,  and  MDA-MB-231  cells  were  seeded  in  24- 
well  plates  in  triplicate.  After  one  day,  the  cells  were  treated  with  vehicle  (0.1%DMSO),  lapatinib  (IgM),  and  PP2 
(5pM)  in  10%  SFS  medium.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was  determined  as 
above.  5C.  S  phase  changes  after  lapatinib  and  PP2  treatment.  Sk-Br-3  and  MDA-MB-231  cells  were  treated 
with  vehicle  (0.1%  DMSO),  lapatinib  (l|iM),  and  PP2  (5pM)  for  24h.  Cells  were  harvested  and  fixed  with  75% 
EtOH.  Cell  cycles  were  analyzed  through  flow  cytometry. 
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Overall,  c-Src  mediates  the  essential  role  of  growth  pathways  in  ER  negative  breast 
cancer  cells  without  HER2  over-activation.  ER  expression  and  HER2  over-activation  are  two 
important  predictive  biomarkers  for  the  resistance  to  a  c-Src  inhibitor.  These  data  provided  an 
important  therapeutic  rationale  for  patient  selection  in  clinical  trials  with  c-Src  inhibitors  in  triple 
negative  breast  cancer.  All  of  these  data  will  be  published  in  the  European  Journal  of  Cancer  {in 
press);  see  #18  in  Appendix  for  proofs). 


TASK  2:  (GU/Jordan)  -  To  elucidate  the  molecular  mechanism  of  Ei  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  selective  ER  modulators  (SERMs)  or 
long-term  estroeen  deprivation. 

Task  2b-2:  (Fan  and  Jordan)  -  To  confirm  and  validate  developing  pathways  of  E2- 
induced  breast  cancer  cell  survival  and  apoptosis. 

Task  2b-2:  (Fan  and  Jordan)  -  Studies  carried  out  by  Dr.  Ping  Fan  in  the  Jordan  laboratory  at 
Georgetown  University 

Critical  Mediation  of  E2-induced  Apoptosis  through  c-Src  in  Long-term  Estrogen  Deprived 
Breast  Cancer  Cells 

Introduction: 

Our  previous  publication  showed  that  physiological  concentrations  of  E2  could  trigger 
apoptosis  of  long-term  E2  deprived  breast  cancer  cells  (MCF-7:5C).  This  new  targeted  strategy 
provides  novel  therapeutic  approaches  to  endocrine  resistant  breast  cancer.  A  phase  II  clinical 
trial  reported  that  E2  provided  a  clinical  benefit  for  aromatase  inhibitor-resistant  advanced  breast 
cancer  patients.  However,  only  30%  of  patients  receive  clinical  benefit  (3).  This  prompted  us  to 
investigate  the  mechanisms  underlying  E2-induced  apoptosis  to  find  strategies  to  increase  the 
therapeutic  responsiveness.  c-Src  is  currently  of  interest,  as  it  is  an  important  adapter  protein  of 
ER  in  breast  cancer  cells.  Here,  we  found  that  E2  stimulated  c-Src  phosphorylation  in  MCF-7:5C 
cells  and  4-hydroxytamoxifen  (4-OHT)  and  ICI  182,780  could  block  this  stimulation  which 
demonstrated  that  E2  activated  c-Src  through  ER.  The  specific  inhibitor  of  c-Src,  PP2,  could 
block  c-Src  activation  induced  by  E2.  E2  rapidly  activated  growth  pathways  within  minutes  in 
MCF-7:5C  cells  and  PP2  could  block  this  non-genomic  pathway.  E2  was  also  able  to  activate 
Akt/MAPK  pathways  after  24  hour  treatment  which  could  be  blocked  by  inhibition  of  c-Src. 
These  data  showed  that  c-Src  mediated  downstream  signaling  pathways  of  ER  in  MCF-7:5C 
cells.  Characteristic  E2-induced  apoptosis  occurred  around  72  hour  treatment  with  E2, 
unexpectedly,  inhibition  of  c-Src  could  significantly  block  E2-induced  apoptosis  which  implied 
that  c-Src  played  a  critical  role  in  E2-induced  apoptosis.  Further  examination  through 
transcriptome  analysis  confirmed  that  E2  widely  activated  apoptosis-related  pathways  such  as 
oxidative  stress  and  TNF  family-related  signaling.  The  c-Src  inhibitor,  PP2,  could  abolish  the 
apoptosis-related  pathways  induced  by  E2  which  were  confirmed  by  real-time  PCR.  A  critical 
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mechanistic  change  was  that  the  c-Src  was  involved  in  the  AP-1  family  activation  induced  by  E2 
in  MCF-7:5C  cells,  which  is  a  nuclear  decision-maker  that  determines  cell  fates  in  response  to 
extracellular  stimuli.  These  data  illustrate  that  c-Src  acts  as  a  critical  molecule  to  mediate  the 
downstream  signaling  of  ER  (including  E2-induced  apoptosis)  in  MCF-7:5C  cells.  It  provides  an 
important  rationale  for  clinical  trial  with  c-Src  inhibitors  in  aromatase  inhibitors  resistant 
patients,  especially  avoiding  in  combination  with  physiological  levels  of  E2. 

Work  Accomplished; 

c-Src  mediates  estrogen-activated  growth  pathways  in  long-term  estrogen  deprived  breast 
cancer  cells  MCF-7:5C. 

c-Src,  a  membrane-associated  non-receptor  tyrosine  kinase,  plays  a  critical  role  in  many 
cellular  signaling  pathways  that  involve  proliferation,  differentiation,  survival,  motility,  and 
angiogenesis  in  breast  cancer  cells  (6).  It  also  functions  as  an  important  adapter  protein  with  ER 
and  growth  factor  receptors  in  breast  cancer  cells  (7).  A  specific  c-Src  tyrosine  kinase  inhibitor, 
PP2,  effectively  blocked  phosphorylation  of  growth  pathways  including  the  mitogen-activated 
protein  kinase  (MAPK)  and phosphoinositide  3-kinase  (PI3K)/AKT  pathways  in  MCF-7:5C  cells 
(Fig.  6A).  Although  it  is  well  known  that  physiological  concentrations  of  E2  can  induce  apoptosis 
(8),  E2  could  activate  nongenomic  and  genomic  pathways  in  MCF-7:5C  cells  (Fig.  6B  and  6C). 
And  the  c-Src  was  involved  in  both  pathways  which  were  confirmed  by  the  evidence  that  PP2 
blocked  it  (Fig.  6B  and  6C).  Another  close  association  between  c-Src  and  ER  in  MCF-7:5C  cells 
was  shown  that  E2  could  also  activate  c-Src  through  ER  (Fig.  6D),  since  antiestrogens  ICI 
182,780  and  4-OHT  blocked  c-Src  phosphorylation  induced  by  E2  (Fig.  6D). 
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Figure  6 
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Figure  6.  6A.  The  c-Src  inhibitor  blocked  growth  pathways  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated 
with  vehicle  (0.1%DMSO)  and  PP2  (5|iM)  for  different  times  as  indicated.  Cell  lysates  were  harvested. 
Phosphorylated  c-Src,  MAPK,  and  Akt  were  examined  by  immunoblotting  with  primary  antibodies.  Immunoblotting 
for  total  c-Src,  MAPK,  and  Akt  were  determined  for  loading  controls.  6B.  The  c-Src  inhibitor  blocked  non- 
genomic  pathway  induced  by  E2  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%DMSO),  E2 
(InM),  PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  10  mins.  Cell  lysates  were  harvested.  Phosphorylated  MAPK 
was  examined  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  total  MAPK  was  determined  for 
loading  control.  6C.  The  c-Src  inhibitor  blocked  genomic  pathway  induced  by  E2  in  MCF-7:5C  cells.  MCF- 
7:5C  cells  were  treated  with  vehicle  (0.1%DMSO),  E2  (InM),  PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  24 
hours.  Cell  lysates  were  harvested.  Phosphorylated  MAPK  and  Akt  were  examined  by  immunoblotting  with  primary 
antibodies.  Immunoblotting  for  total  MAPK  and  Akt  were  determined  for  loading  controls.  6D.  Estrogen  activated 
c-Src  phosphorylation  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%DMSO),  E2  (lnM),ICI 
182,780  (IpM),  E2  (InM)  plus  ICI  182,780  (IpM),  4-OHT  (IpM),  E2  (InM)  plus  4-OHT  (IpM),  PP2  (5pM),  and  E2 
(InM)  plus  PP2  (5pM)  for  48  hours.  Cell  lysates  were  harvested.  Phosphorylated  c-Src  was  examined  by 
immunoblotting  with  primary  antibody.  Immunoblotting  for  total  c-Src  was  determined  for  loading  control. 


Blocking  c-Src  tyrosine  kinase  could  block  estrogen-induced  apoptosis  in  MCF-7:5C  cells. 

We  previously  found  that  e-Sre  was  aetivated  in  long-term  E2  deprived  breast  eaneer  eells 
eompared  with  parental  eells  {European  Journal  of  Cancer,  in  press;  see  #18  in  Appendix).  It 
indieated  that  e-Sre  aeted  as  a  drug  resistanee  survival  signal  in  long-term  estrogen  deprived 
breast  eaneer  eells.  Furthermore,  e-Sre  mediated  growth  pathways  aetivated  by  E2  as  shown 
above  (Fig.  6B  and  6C).  We  addressed  the  question  of  whether  the  e-Sre  inhibitor  PP2  in 
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combination  with  E2  would  enhance  apoptosis.  Unexpectedly,  the  c-Src  inhibitor  blocked  the 
growth  inhibitory  action  of  E2  in  MCF-7:5C  cells  {European  Journal  of  Cancer  (in  press);  see 
#18  in  Appendix).  Further  experiments  showed  that  c-Src  inhibitor  could  clearly  block  annexin 
V  binding  protein  phosphatidylserine  extemalization  initiated  by  E2  which  was  a  marker  of  early 
apoptotic  events  analyzed  by  flow  cytometry  (Fig.  7A  and  7B).  Mitochondrial  membrane 
potential  (A'Fm)  was  measured  by  flow  cytometry  using  the  cationic  lipophilic  green 
fluorochrome  rhodamine-123  (Rhl23)  (Molecular  Probes).  Disruption  of  A'Pm  is  associated  with 
a  lack  of  Rhl23  retention  and  a  decrease  in  fluorescence.  Estrogen  could  decrease  the  potential 
of  mitochondrial  in  MCF-7:5C  cells  and  the  c-Src  inhibitor  blocked  it  (Fig.  7C),  which  indicated 
that  E2  disrupted  mitochondrial  membrane  integrity.  All  of  these  data  demonstrated  that  E2- 
triggered  apoptosis  utilizes  the  c-Src  tyrosine  kinase  pathway. 


Figure? 


control 
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Figure  7.  7A.  The  c-Src  inhibitor  blocked  Annexin  V  percentage  induced  by  estrogen  in  MCF-7:5C  cells.  MCF- 
7:5C  cells  were  treated  with  vehicle  (0.1%DMSO),  E2  (InM),  4-OHT  (IpM),  E2  (InM)  plus  4-OHT  (IpM), 
PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72  hours.  Cells  were  harvested  for  Annexin  V  analysis  through 
flow  cytometry.  7B.  Quantification  of  the  flow  cytometry  data  of  Annexin  V  percentage  in  MCF-7:5C  cells.  The 
data  were  averaged  from  three  different  times’  results.  7C.  Estrogen  reduced  mitochondrial/transmembrane 
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potential  (A\|/m)  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%DMSO),  E2  (InM),  4-OHT 
(IpM),  Ej  (InM)  plus  4-OHT  (IpM),  PP2  (5pM),  and  Ej  (InM)  plus  PP2  (5pM)  for  48  hours.  MCF-7:5C  cells 
were  washed  twice  with  PBS  and  incubated  with  Ipg/mL  Rhl23  at  37  °C  for  30  min.  Cells  were  then  washed  twice 
with  PBS,  and  Rhl23  intensity  was  determined  by  flow  cytometry. 


c-Src  was  involved  in  the  process  of  triggering  apoptosis-related  genes  by  estrogen  in  MCF- 
7:5C  cells. 

We  have  reported  that  E2  induces  apoptosis  through  endoplasmic  reticulum  stress  (ERS) 
and  inflammatory  responses  in  MCF-7:5C  cells  (9).  To  further  investigate  the  mechanisms 
underlying  E2  induced  apoptosis,  RNA-seq  analysis  was  performed  to  exam  the  genes  regulated 
by  E2  to  trigger  apoptosis  in  MCF-7:5C  cells.  It  demonstrated  that  E2  widely  elevated  expression 
levels  of  apoptosis-related  genes  (Fig.  8A).  Consistent  with  the  biological  experiments,  4-OHT 
and  PP2  similarly  blocked  apoptosis-related  genes  induced  by  E2  in  MCF-7:5C  cells  (Fig.  8A). 
According  to  the  function  of  these  genes,  they  were  divided  into  three  groups:  TP53-related 
genes  (such  as  TP63,  PMAIPl,  and  CYFIP2),  stress-related  genes  (such  as  HMOXl, 
PPP1R15A,  ZAK,  NUAK  etc.),  and  inflammatory  responses-related  genes  (such  as  LTB,  FAS, 
TNFRSF21,  and  CXCR4  etc.)  (Fig.  8B).  It  is  well-known  that  the  p53  gene  encodes  for  a  unique 
protein  that  mediate  cellular  response  to  DNA  damage,  e.g.,  cell  cycle  arrest  or  apoptosis.  Based 
on  gene  sequence  homologies,  p63  (gene  symbol  TP63)  belongs  to  the  member  of  a  p53  (TP53) 
gene  family.  Interdependent  functions  for  the  p53  family  members  appear  linked  together  in  a 
complex  and  tight  regulation  network  to  fulfill  cellular  functions  related  to  DNA  damage  and 
tissue  homeostasis  aintenance.  In  our  study,  E2  increased  p53  protein  after  E2  treatment  but  did 
not  arrest  cells  in  G1  phase,  in  contrast,  markedly  elevated  S  phase  (data  not  shown).  We  have 
shown  that  p53  can  mediate  intrinsic  apoptosis  by  transcriptional  activation  of  genes  that  encode 
proapoptotic  proteins  such  as  the  BH3-only  proteins  Noxa  and  Puma  in  MCF-7:5C  cells  (8). 
Furthermore,  blockade  of  p53  mRNA  expression  reduced  estradiol-induced  apoptosis  in  MCF- 
7:5C  cells  (8).  Consistently,  E2  significantly  increased  TP63  in  MCF-7:5C  cells  which  could  be 
abolished  by  4-OHT  and  PP2  (Fig.  8C).  Majority  of  these  apoptosis-related  genes  were 
confirmed  by  real-time  PCR  with  the  similar  changes  as  in  RNA-seq  analysis  (Fig.  8C). 
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Figure  8A  Apoptosis-related  genes 
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Figure  8A.  Estrogen  activated  apoptosis-related  genes  in  MCF-7:5C  cells  analyzed  through  RNA-seq.  MCF- 
7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (InM),  4-OHT  (IpM),  E2  (InM)  plus  4-OHT  (IpM),  PP2 
(5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72  hours.  Cells  were  harvested  and  RNA  was  isolated  with  kit  (Qiagen) 
for  RNA-seq  analysis. 
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Figure  8B 
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Figure  8B.  The  apoptosis-related  genes  selected  by  RNA-seq  were  functionally  divided  into  three  groups  as 
shown  above.  Estrogen  widely  activated  apoptosis-related  genes  to  trigger  apoptotic  cascades  in  MCF-7:5C  cells. 
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Figure  8C 
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Figure  8C.  RNA-seq  data  were  confirmed  by  real-time  PCR.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1% 
DMSO),  E2  (InM),  4-OHT  (ItiM),  E2  (InM)  plus  4-OHT  (IpM),  PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72 
hours.  Cells  were  harvested  and  RNA  was  isolated  with  kit  (Qiagen)  for  real-time  analysis. 


The  c-Src  inhibitor  blocked  estrogen-induced  oxidative  stress  in  MCF-7:5C  cells. 

Heme  oxygenase  1  (HMOXl)  catalyzes  the  degradation  of  heme,  which  is  active  at  high 
concentrations  of  heme  and  at  times  of  physiological  stress,  is  thought  to  function  as  an  oxidative 
stress  indicator.  E2  markedly  increased  HMOXl  in  MCF-7:5C  cells  which  suggested  that  E2  may 
cause  oxidative  stress  (Fig.  8A  and  8C).  Majority  of  cellular  reactive  oxygen  species  (ROS)  is 
produced  by  mitochondrion.  Under  physiological  conditions,  cellular  ROS  levels  are  tightly 
controlled  by  low-molecular-weight  radical  scavengers  and  by  a  complex  intracellular  network 
of  enzymes,  such  as  catalases,  superoxide  dismutases,  and  enzymes  of  the  glutathione  (GSH)- 
and  thioredoxin-dependent  families  (10).  Under  conditions  of  lethal  stress,  ROS  are  considered 
as  key  effectors  of  cell  death  (10).  Intracellular  ROS  were  detected  by  CM-H2DCFDA 
(Invitrogen)  through  flow  cytometry  (Fig.  9A).  We  observed  that  E2  could  gradually  induce  the 
production  of  ROS  after  extending  treatment  times  and  reached  a  peak  after  72h  treatment  (Fig. 
9A  and  9B).  And  4-OHT  and  PP2  blocked  ROS  production  induced  by  E2  (Fig.  9C).  ROS 
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inhibitors  (such  as  catalase  and  MnTBAP)  could  partially  block  E2-induced  apoptosis  (data  not 
shown)  which  supported  that  ROS  caused  cell  death  in  MCF-7:5C  cells  after  E2  treatment. 


Figure  9 


Figure  9.  9A.  Estrogen  induced  reactive  oxygen  species  (ROS)  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated 
with  vehicle  (0.1%  DMSO)  and  E2  (InM)  for  different  times  as  indicated.  The  cells  were  stained  with  CM- 
H2DCFDA  and  were  analyzed  through  flow  cytometery.  Black  curve  represents  negative  control.  Red  curve 
represents  vehicle  treated  control.  Blue  curve  represents  E2  treated  eells.  ROS  production  is  indicated  by  arrow.  9B. 
Estrogen  gradually  produced  reactive  oxygen  species  (ROS)  in  MCF-7:5C  cells..  Intensity  of  fluorescence  in  7A 
was  compared  with  that  of  control.  9C.  The  c-Src  inhibitor  and  4-OHT  blocked  ROS  production  induced  by  E2 
in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (InM),  4-OHT  (IpM),  E2  (InM) 
plus  4-OHT  (IpM),  PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72  hours.  The  cells  were  stained  with  CM- 
H2DCFDA  and  were  analyzed  through  flow  cytometry. 

The  c-Src  inhibitor  blocked  estrogen-induced  tumor  necrosis  factor  (TNF)  family  signaling 
in  MCF-7:5C  cells. 

As  shown  above  in  Fig.  8,  E2  activated  TNF  family-related  genes  (such  as  LTB,  FAS, 
TNFRSF21,  and  CXCR4  etc.).  Of  all  TNF  family  members,  TNF  is  the  most  potent  inducer  of 
apoptosis  through  extrinsic  pathway  which  is  mediated  by  death  receptors.  We  found  that  low- 
dose  TNF  alpha  (5  ng/ml)  could  increase  the  cleavages  of  caspase  9  and  PARP  in  MCF-7:5C 
cells  (Fig.  lOA).  TNF  could  significantly  inhibit  cell  growth  similarly  as  physiological 
concentration  of  E2  (Fig.  lOB).  Interestingly,  TNF  alpha  synergistically  enhanced  E2-induced  cell 
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death  (Fig.  lOB).  In  addition  to  above  mentioned  TNF  family  related  genes  (such  as  LTB,  FAS, 
TNFRSF21,  and  CXCR4  etc)  (Fig.  8C),  LTA  and  TNF  were  clearly  up-regulated  by  E2  in  MCF- 
7:5C  cells  (Fig.  IOC  and  lOD).  The  c-Src  inhibitor  and  4-OHT  could  block  it  (Fig.  IOC  and 
lOD).  This  finding  demonstrated  that  E2-induced  apoptosis  in  MCF-7:5C  cells  utilized  both 
intrinsic  (mitochondria)  and  extrinsic  (TNF  family)  pathways. 


Figure  10 
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Figure  10.  lOA.  TNF  alpha  increased  the  cleavages  of  caspase  9  and  PARP.  MCF-7:5C  cells  were  treated  with 
vehicle  (0.1%  DMSO)  and  TNF  alpha  (5ng/ml)  for  24h.  Cell  lysates  were  harvested.  Cleavages  of  caspase  9  and 
PARP  were  examined  by  immunoblotting  with  primary  antibodies.  Immunoblotting  for  p-actin  was  determined  for 
loading  controls.  lOB.  TNF  alpha  inhibited  cell  growth  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with 
vehicle  (0.1%  DMSO),  E2  (InM),  TNF  alpha  (5ng/ml),  and  E2  (InM)  plus  TNF  alpha  (5ng/ml)  for  7  days.  Cells 
were  harvested  and  DNA  content  was  determined  as  above.  IOC.  The  c-Src  inhibitor  and  4-OHT  blocked  LTA 
enhanced  by  estrogen.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (InM),  4-OHT  (IpM),  E2 
(InM)  plus  4-OHT  (IpM),  PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72  hours.  RNA  was  isolated  with  kit 
(Qiagen)  for  real-time  analysis  with  specific  primers.  lOD.  The  c-Src  inhibitor  and  4-OHT  blocked  TNF  alpha 
enhanced  by  estrogen.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (InM),  4-OHT  (IpM),  E2 
(InM)  plus  4-OHT  (IpM),  PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72  hours.  RNA  was  isolated  for  real-time 
analysis  with  specific  primers. 
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Estrogen  activated  c-Jun/c-Fos  AP-1  members  in  MCF-7:5C  cells. 

From  all  the  data  shown  above,  estrogen  widely  activated  apoptosis-related  genes 
including  p53  family  members,  stress-related  genes,  and  TNF  family-related  genes.  These  data 
clued  that  ER  must  associate  with  other  nuclear  members  to  trigger  these  apoptotic  cascades. 
AP-1  is  often  considered  as  a  general,  nuclear  decision-maker  that  determines  life  or  death  cell 
fates  in  response  to  extracellular  stimuli.  The  nuclear  transcription  factor  AP-1,  composed  of 
dimers  of  Fos  and  Jun  proteins,  has  been  linked  to  a  breadth  of  cellular  events  including  cell 
transformation,  proliferation,  differentiation  and  apoptosis  (11).  Some  observations  have  linked 
AP-1  to  modulation  of  the  p53  pathway  in  response  to  apoptosis  (12).  AP-1  family  is  well- 
known  to  induce  oxidative  stress  in  breast  cancer  (13).  And  AP-1  can  regulate  TNF  family 
members  to  induce  apoptosis  (14).  In  this  study,  estrogen  elevated  all  members  in  AP-1  family 
(Fig.  11  A)  through  RNA-seq  analysis.  The  4-OHT  completely  blocked  and  PP2  partially 
abolished  some  members  (JUN,  JunB,  FosB,  and  FosLl)  activated  by  E2  (Fig.  11  A).  Through 
real-time  PCR,  we  further  confirmed  that  4-OHT  and  PP2  similarly  inhibited  elevation  of  c-Jun 
and  JunB  (Fig.  IIB  and  IID).  However,  the  c-Src  inhibitor,  PP2,  could  not  block  c-Fos  up- 
regulation  by  E2  (Fig.  1 1C). 
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Figure  11 
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Figure  11.  11  A.  Estrogen  up-regulated  AP-1  members  in  MCF-7:5C  cells  analyzed  through  RNA-seq.  MCF- 
7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (InM),  4-OHT  (IpM),  E2  (InM)  plus  4-OHT  (IpM),  PP2 
(5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72  hours.  Cells  were  harvested  and  RNA  was  isolated  with  kit  (Qiagen) 
for  RNA-seq  analysis.  IIB.  Estrogen  up-regulated  c-Jun  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with 
vehicle  (0.1%  DMSO),  E2  (InM),  4-OHT  (IpM),  E2  (InM)  plus  4-OHT  (IpM),  PP2  (5pM),  and  E2  (InM)  plus  PP2 
(5pM)  for  72  hours.  RNA  was  isolated  with  kit  (Qiagen)  for  real-time  analysis  with  specific  primers.  IIC.  Estrogen 
up-regulated  c-Fos  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (InM),  4- 
OHT  (IpM),  E2  (InM)  plus  4-OHT  (IpM),  PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72  hours.  RNA  was 
isolated  with  kit  (Qiagen)  for  real-time  analysis  with  specific  primers.  IID.  Estrogen  up-regulated  JunB  in  MCF- 
7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%  DMSO),  E2  (InM),  4-OHT  (IpM),  E2  (InM)  plus  4- 
OHT  (IpM),  PP2  (5pM),  and  E2  (InM)  plus  PP2  (5pM)  for  72  hours.  RNA  was  isolated  with  kit  (Qiagen)  for  real¬ 
time  analysis  with  specific  primers. 


Estrogen  triggered  apoptosis  through  AP-1  family. 

Since  estrogen  activated  all  members  in  AP-1  family  (Fig.  11  A),  we  addressed  the 
question  whether  silencing  AP-1  could  block  estrogen-induced  apoptosis.  Small  interferon  RNA 
(siRNA)  of  c-Jun,  c-Fos,  and  JunB  were  utilized  to  knockdown  respective  genes.  The  c-Jun 
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siRNA  could  knock  down  50%  of  protein,  c-Fos  siRNA  knocked  down  more  than  90%  of 
protein,  and  JunB  siRNA  knocked  down  about  30-40%  of  protein  (Fig.  12A).  After  silencing 
respective  AP-1  protein,  MCF-7:5C  cells  were  treated  with  E2  for  72  hours.  Then  cells  were 
harvested  for  Annexin  V  binding  analysis.  In  control  siRNA  group,  E2  increased  Annexin  V 
percentage  to  more  than  two  fold  compared  with  control.  The  c-Jun  and  JunB  siRNA  partially 
blocked  E2-induced  apoptosis.  The  c-Fos  siRNA  could  completely  block  apoptosis  induced  by  E2 
at  72  hours  (Fig.  12B).  The  relationship  and  interactions  between  c-Jun  and  c-Fos  for  activation 
of  AP-1  are  complicated  which  form  as  heterodimers  complex  to  activate  target  genes.  It  was 
interesting  to  find  that  silencing  c-Jun  will  increase  c-Fos,  similarly,  silencing  c-Fos  will  enhance 
c-Jun  (data  not  shown).  It  indicated  that  c-Jun  and  c-Fos  were  closely  related  proteins  in  MCF- 
7:5C  cells.  Induction  of  AP-I  by  low-dose  of  12-0-tetradecanoylphorbol- 13-acetate  (TP A)  could 
induce  apoptosis  in  MCF-7:5C  cells  (Fig.  12C),  which  supported  the  conclusion  that  AP-1  play  a 
critical  role  in  the  process  of  E2-induced  apoptosis  in  long-term  estrogen  deprived  breast  cancer 
cells.  It  is  under  investigation  whether  silencing  AP-1  could  prevent  E2  from  activating 
apoptosis-related  genes. 


Figure  12 
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Figure  12.  12A.  Silencing  c-Jun,  c-Fos,  and  JunB  in  MCF-7:5C  cells.  MCF-7:5C  cells  were  transfected  with 
control  siRNA,  c-Jun  siRNA,  c-Fos  siRNA,  and  JunB  siRNA  respectively  for  72  hours.  Cell  lysates  were  harvested. 
The  protein  of  c-Jun,  c-Fos,  and  JunB  was  examined  by  primary  antibodies.  Immunoblotting  for  p-actin  was 
determined  for  loading  controls.  12B.  Silencing  c-Jun,  c-Fos,  and  JunB  could  block  estrogen-induced  apoptosis. 
MCF-7:5C  cells  were  transfected  with  control  siRNA,  c-Jun  siRNA,  c-Fos  siRNA,  and  JunB  siRNA  respectively  for 
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72  hours.  Then,  they  were  treated  with  the  vehicle  (0.1%DMSO)  and  E2  (InM)  for  72  hour.  Cells  were  harvested  for 
Annexin  V  binding  assay  through  flow  cytometry.  12C.  Induction  of  AP-1  by  TPA  could  induce  apoptosis  in 
MCF-7:5C  cells.  MCF-7:5C  cells  were  treated  with  vehicle  (0.1%DMSO)  and  TPA  (50ng/ml)  for  48  hours.  Cells 
were  harvested  for  Annexin  V  binding  assay  through  flow  cytometry. 

Conclusions: 

Antiestrogens  4-hydroxyltanioxifen  and  ICI  182,780  block  E2-induced  apoptosis  which 
demonstrated  that  estrogen  utilizes  ER  as  the  initial  site  to  trigger  apoptosis.  The  non-receptor 
tyrosine  kinase  c-Src  acts  as  a  critical  molecule  in  relaying  ER  signaling,  including  nongenomic 
and  genomic  actions.  Its  activity  is  modulated  by  E2  through  multiple  mechanisms,  leading  to 
breast  cancer  cell  proliferation,  invasion,  and  metastasis.  Here,  we  found  that  c-Src  was  utilized 
by  E2  to  induce  apoptosis-related  pathways  including  oxidative  stress  and  inflammatory 
responses  etc.  E2  caused  mitochondrial  dysfunction  through  disrupting  mitochondrial  membrane 
integrity,  facilitating  the  translocation  of  cytochrome  c  from  the  mitochondria  into  the  cytosol, 
and  inducing  oxidative  stress.  AP-1  is  often  considered  as  a  nuclear  decision-maker  that 
determines  life  or  death  cell  fates  in  response  to  extracellular  stimuli.  Both  ER  and  AP-1  are 
nuclear  transcription  factors.  We  believe  that  the  role  of  AP-1  in  apoptosis  should  be  considered 
within  a  complex  network  of  nuclear  factors  that  respond  simultaneously  to  a  wide  range  of 
signal  transduction  pathways  triggered  by  estrogen.  AP-1  belongs  to  basic  region-leucine  zipper 
(bZlP)  protein  which  can  interact  with  nuclear  protein  NF -kappa  B  (11)  and  other  bZlP 
transcription  factors  such  as  CREBl  (15).  It  will  be  a  challenge  to  identify  how  ER  regulates  or 
associates  with  AP-1  through  other  nuclear  proteins  to  trigger  apoptosis-related  genes  in  long¬ 
term  estrogen  deprived  cells. 


TASK  2:  fGU/Jordan)  -  To  elucidate  the  molecular  mechanism  of  Ei  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  SERMs  or  long-term  estrogen 
deprivation. 

Task  2b-3:  (Sengupta  and  Jordan)  -  To  elucidate  the  mechanisms  of  E2-independent 
growth  of  hreast  cancer  cells  mimicking  aromatase-inhibitor  resistant  phenotypes 

Task  2b-3:  (Sengupta  and  Jordan)  -  Studies  carried  out  by  Dr.  Surojeet  Sengupta  in  the  Jordan 
laboratory  at  Georgetown  University 

Role  of  cMYC  as  a  Critical  Determinant  of  Estrogen-Independent  Growth  of  Estrogen- 
Deprivation  Resistant  Breast  Cancer  Cells 

Introduction: 

Around  seventy  percent  of  all  newly  diagnosed  breast  cancers  express  estrogen  receptor 
alpha  (ERa),  indicating  dependence  on  estrogen  for  proliferation  of  the  ERa  positive  breast 
cancer  cells.  Aromatase  inhibitors  (AIs),  which  prevent  the  synthesis  of  peripheral  estrogen,  are 
used  extensively  to  treat  ERa  positive,  breast  cancer  in  postmenopausal  patients.  However,  long- 
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term  treatment  with  AI  is  associated  with  disease  recurrence  due  to  acquired  resistance.  The 
resistant  breast  cancer  by-passes  the  dependency  on  estrogen  and  continue  to  proliferate  in  an 
estrogen-free  environment.  Therefore,  elucidating  the  molecular  determinants  responsible  for  the 
growth  of  the  Al-resistant  breast  cancer  cells  in  absence  of  estrogen  is  the  key  to  identify  novel 
therapeutic  targets.  A  recent  report  has  suggested  activated  cMYC  gene  signature  as  well  as  high 
cMYC  protein  levels  is  associated  with  high  tumor  cell  growth  in  Al-resistant  breast  cancer 
patients  (16).  Another  study  has  also  reported  that  cMYC  may  play  very  important  role  in 
metastatic  breast  cancer  with  poor  prognosis  (17). 

In  our  lab  we  have  developed  a  model  for  Al-resistant  breast  cancer  cells  by  growing  the 
ERa  positive,  MCF7  breast  cancer  cells  in  estrogen  deprived  conditions  for  over  a  year,  known 
as  MCF7:5C  cells.  These  cells  can  grow  under  estrogen  deprived  conditions  in  vitro  as  well  as  in 
vivo  as  xenograft  tumors  in  ovariectomized,  athymic  mice.  In  this  section  we  have  studied  the 
role  of  cMYC  oncogene  in  estrogen-independent  growth  using  the  MCF7:5C  cells,  and 
determined  the  possible  up-stream  regulatory  factors  responsible  for  the  expression  of  cMYC 
mRNA  in  these  cells. 

Work  Accomplished; 

Estrogen  independent  growth  of  MCF7:5C  cells  in  vitro  and  in  vivo  compared  with 
parental  MCF7:WS8  cells 

We  first  confirmed  the  estrogen-independent  growth  of  the  MCF7:5C  cells  and  compared  it  with 
the  parental  MCF7:WS8  cells.  The  growth  of  MCF7:5C  cells  in  vitro  were  at  least  4-fold  higher 
than  the  parental  MCF7:WS8  cells  (Fig.  13A)  in  absence  of  estrogen.  Next,  we  investigated  the 
spontaneous,  estrogen-independent  growth  of  MCF7:5C  cells  in  vivo  by  injecting  5  million  cells 
bilaterally  in  0.2  ml  mixed  with  growth- factor  reduced  matrigel  in  1:1  ratio  in  ovariectomized, 
nu/nu  mice.  MCF7:WS8  cells  were  also  used  as  control.  Tumor  measurements  were  taken 
weekly  starting  one  week  post  injection.  As  evident  from  the  results  (Fig.  13B)  MCF7:5C  cells 
formed  the  xenograft  tumors  and  consistently  grew  over  seven  week  period,  whereas  the  parental 
MCF7:WS8  cells  did  not  form  any  tumor  whatsoever.  This  established  that  MCF7:5C  cells  can 
spontaneously  grow  in  vitro  as  well  as  in  vivo  in  absence  of  any  estrogen. 
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Figure  13 


Figure  13.  Estrogen  independent  growth 
of  MCF7:5C  cells.  A.  Spontaneous, 
estrogen-independent  growth  of  MCF7:WS8 
or  MCF7:5C  cells  over  a  six  day  period. 
Around  ten  thousand  cells  were  plated  in 
each  well  of  24  well  plate  and  the  growth 
was  monitored  over  six  day  period.  The 
DNA  content  in  each  well  was  measured  as  a 
surrogate  of  growth.  B.  Formation  and 
growth  of  xenograft  tumors  of  MCF7:5C 
cells  in  absence  of  estrogen  compared  with 
MCF7:WS8  cells  over  a  period  of  six  weeks. 
Around  5  million  cells  mixed  with  matrigel 
were  injected  bilaterally  in  each 
ovariectomized  nude  mice  and  the  growth  of 
the  tumors  were  monitored  from  first  week 
through  week  7.  Nine  tumors  were 
monitored  for  MCF7:5C  and  5  tumors  were 
monitored  for  MCF7:WS8  xenografts. 


Basal  expression  levels  of  cMYC  mRNA  and  protein  in  MCF7:WS8  and  MCF7:5C  cells 

cMYC  is  an  oncogene  which  is  de-regulated  in  many  cancers  and  co-relates  with  poor 
prognosis  (18)  and  plays  crucial  role  in  cell  cycle  progression  and  regulating  variety  of  genes 
(19).  It  is  also  a  very  well  characterized  estrogen-regulated  gene  in  ERa  positive  breast  cancer 
cells  (20,  21).  We  therefore  evaluated  the  basal  expression  level  of  cMYC  gene  in  estrogen- 
deprived  resistant  MCF7:5C  cells  and  compared  with  the  parental  MCF7:WS8  cells. 
Interestingly,  we  found  that  the  basal  expression  of  cMYC  mRNA  as  well  as  the  protein  was  at 
least  3-4  fold  higher  in  MCF7:5C  cells  as  compared  to  parental  MCF7:WS8  cells  (Fig.  14A  and 
14B).  The  basal  expression  of  ERa  protein  was  also  higher  in  the  MCF7:5C  as  compared  to 
MCF7:WS8  cells. 
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Figure  14 
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Figure  14.  Basal  expression  of  cMYC  in  MCF7:WS8  and  MCF7:5C  cells.  A.  mRNA  levels  of  cMYC  in 
MCF7;WS8  and  MCF7:5C  cells.  Transcripts  levels  were  measured  using  real-time  PCR  using  36B4  as  an  internal 
control.  Data  is  re-presented  in  terms  of  fold  difference  as  compared  to  MCF7:WS8  cells.  B.  Protein  levels  of 
cMYC  and  ERa  in  MCF7:WS8  and  MCF7:5C  cells  were  determined  using  standard  western  blotting  technique. 
Beta-actin  protein  levels  were  measured  as  loading  control. 

Effect  of  pharmacological  inhibition  of  cMYC  by  10058-F4  compound  on  the  estrogen 
independent  growth  of  MCF7:5C  cells 

To  understand  the  functional  relevance  of  the  cMYC  over-expression  in  the  MCF7:5C 
cells,  we  investigated  the  role  of  cMYC  in  estrogen-independent  growth  of  MCF7:5C  cells.  We 
treated  the  MCF7:5C  cells  and  MCF7:WS8  cells  with  a  cMYC  inhibitor,  10058-F4,  in  increasing 
concentration.  We  found  that  MCF7:5C  cells  were  drastically  more  sensitive  to  10058-F4 
mediated  inhibition  of  spontaneous  growth  than  MCF7:WS8  cells  after  2  and  4  days  of  treatment 
(Fig.  15Aand  15B). 

We  further  investigated  the  effect  of  cMYC  inhibitor  on  the  “S”  phase  cells  which 
represents  the  actively  proliferating  cells.  The  cMYC  inhibitor,  10058-F4,  remarkably  decreased 
the  number  of  “S”  phase  cells  in  a  dose  dependent  manner  in  the  MCF7:5C  treated  cells,  but  the 
effect  on  MCF7:WS8  was  very  minimal  (Fig.  15C  and  15D).  Around  60%  of  “S”  phase  cells 
were  decrease  with  30uM  of  the  inhibitor  in  MCF7:5C  cells  as  compared  to  only  10%  in  parental 
cells  suggesting  that  cMYC  plays  a  critical  role  in  estrogen-independent  growth  of  MCF7:5C 
cells. 
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Figure  15 
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Figure  15.  Effect  of  cMYC  inhibitor  (10058-F4)  on  spontaneous  growth  of  MCF7  and  MCF7:5C  cells.  A. 

Comparison  of  growth  inhibition  of  MCF7  and  MCF7:5C  cells  by  cMYC  inhibitor  10058-F4  in  a  four  day  growth 
assay.  B.  Dose  dependent  growth  inhibition  of  MCF7:5C  cells  using  cMYC  inhibitor  over  a  six  day  period.  C.  Dose 
dependent  lowering  of  “S”  phase  cells  in  MCF7:5C  cells  after  treatment  with  cMYC  inhibitor  for  24  hrs  compared 
with  parental  counterpart  MCF7  cells.  D.  Bar  graph  depicting  the  percent  decreases  in  “S”  phase  cells  with  two 
different  concentrations  of  10058-F4  in  MCF7:WS8  and  MCF7:5C  cells. 
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Effect  of  complete  anti-estrogen,  fulvestrant,  on  growth  and  cMYC  levels  by  10058-F4  in 
MCF7:5C  cells 

Next,  we  evaluated  the  effect  of  the  complete  anti-estrogen,  fulvestrant,  on  the  growth 
and  cMYC  levels  of  MCF7:5C  cells  to  understand  the  role  of  un-liganded  ERa  in  these  cells.  We 
checked  the  growth  by  treating  the  cells  with  luM  of  fulvestrant  over  a  six  day  period  (Fig. 
16A),  and  found  that  fulvestrant  inhibits  the  estrogen-independent  growth  of  MCF7:5C  cells  by 
around  50  percent.  Interestingly,  cMYC  mRNA  as  well  as  the  protein  levels  were  also  decreased 
by  similar  extent  after  24  hrs  of  treatment  (Fig.  16B  and  16C).  As  expected,  ERa  protein  levels 
were  undetectable  after  fulvestrant  treatment.  This  suggests  that  un-liganded  ERa  protein  may  be 
partially  responsible  for  the  over-expression  of  cMYC  protein  in  MCF7:5C  cells. 

Figure  16  MCF7;5C 


Figure  16.  Effect  of  fulvestrant  (Fulv)  on  growth,  cMYC  mRNA  and  protein  levels  in  MCF7:5C  cells  as 
compared  to  vehicle.  A.  Growth  of  MCF7;5C  cells  in  presence  of  luM  fulvestratnt  (Fulv)  over  a  six  day  period.  B. 
Levels  of  cMYC  mRNA  after  24  hrs  treatment  with  luM  fulvestratnt  (Fulv)  C.  Protein  levels  of  cMYC  and  estrogen 
receptor  a  (ERa)  after  treatment  with  luM  fulvestrant  for  24  hrs. 

Recruitment  of  phosphorylated  serine  2  and  serine  5  RNA  polymerase-II  at  the  proximal 
promoter  of  cMYC  gene  in  MCF7:WS8  and  MCF7:5C  cells 

To  study  the  up-stream  factors  involved  in  the  high  transcriptional  activity  of  cMYC  gene 
in  MCF7:5C  cells  we  evaluated  the  recruitment  of  the  phosphorylated-serine  2  and 
phosphorylated  serine-5  RNA  polymerase-II  at  the  proximal  promoter  of  the  cMYC  gene  (Fig. 
17A),  using  chromatin  immune-precipitation  assay.  RNA  polymerase-II  is  a  multimeric  protein 
complex  responsible  for  the  transcription  of  the  genes.  However,  the  RNA  polymerase-II  needs 
to  be  phosphorylated  at  serine-5  of  the  carboxyl-terminal  domain  (CTD)  for  the  initiation  of  the 
transcriptional  process  and  phosphorylation  of  the  serine-2  of  the  same  CTD  is  required  for  the 
elongation  of  the  transcription  (22,  23). 

Our  results  revealed  that  phospho-serine-5  as  well  as  phospho-serine-2  RNA  polymerase- 
II  was  constitutively  recruited  at  the  promoter  of  the  cMYC  gene  in  MCF7:5C  cells  (Fig.  17B 
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and  17C).  In  comparison,  in  the  parental  MCF7:WS8  cells,  recruitment  of  phospho-serine-2 
RNA  polymerase-II,  were  at  least  3-fold  less  than  the  MCF7:5C  cells.  Of  note,  the  recruitment  of 
phospho-serine-5  RNA  polymerase-II  in  both  the  cells  did  not  show  any  difference  (Fig.  17C). 
We  also  checked  the  levels  of  phospho-serine-5  and  phospho-serine-2  RNA  polymerase-II  in  the 
total  protein  lysates  of  these  cells  and  found  no  differences  (Fig.  17D).  This  indicated  that  the 
differential  recruitment  of  phospho-serine-2  RNA  polymerase-II  at  the  promoter  of  cMYC  in 
MCF7:5C  cells  may  be  due  some  chromatin  changes  at  the  promoter  level  which  merits  further 
investigation. 
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Figure  17.  Recruitment  of  serine-2-phosphorylated  and  serine-5-phosphorylated  RNA  polymerase  II  at  the 
cMYC  promoter.  A.  Diagram  depicting  the  cMYC  promoter  with  the  estrogen  responsive  element  (in  red)  and  its 
transcription  start  site  (TSS)  B.  Recruitment  of  serine-2-phosphorylated  RNA  polymerase  II  at  the  cMYC  promoter 
in  MCF7  and  MCF7:5C  cells.  C.  Recruitment  of  serine-5-phosphorylated  RNA  polymerase  II  at  the  cMYC 
promoter  in  MCF7  and  MCF7;5C  cells.  The  data  is  represented  as  percent  input  adjusted  for  control  mouse  IgM 
antibody.  D.  Levels  of  total  serine-2  phosphorylated  and  serine-5  phosphorylated  RNA  polymerase-II  in 
MCF7:WS8  and  MCF7:5C  cells. 


Role  of  cyclin  dependent  kinase  9  (CDK9)  in  estrogen-independent  growth  of  MCF7:5C 
cells  as  compared  to  parental  MCF7:WS8  cells 

Next,  we  hypothesized  that  if  serine-2  phosphorylation  of  RNA  polymerase-II  is 
responsible  for  the  transcriptional  over-expression  of  cMYC  then  blocking  the  serine-2 
phosphorylation  should  also  inhibit  the  estrogen- independent  growth  of  the  MCF7:5C  cells.  In 
this  direction  we  first  checked  the  levels  of  cyclin  dependent  kinase-9  (CDK9)  which  is  a  major 
kinase  responsible  for  the  phosphorylation  of  serine-2  of  RNA  polymerase-II  (23).  Interestingly, 
the  total  CDK9  levels  as  well  as  the  phosphorylated  CDK9  levels  were  significantly  higher  in 
MCF7:5C  cells  as  compared  to  MCF7:WS8  cells  (Fig.  18A)  which  suggested  the  reason  for 
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increased  serine-2  phosphorylation  in  the  MCF7:5C  cells.  Thereafter  we  used  a  CDK9  inhibitor, 
CAN  508  (also  known  as  CDK9  inhibitor  II),  to  block  serine-2  phosphorylation  of  RNA 
polymerase-ll  and  evaluated  its  effect  on  growth  of  MCF7:WS8  and  5C  cells.  Indeed,  we  found 
that  the  growth  of  MCF7:5C  cells  were  selectively  more  inhibited  by  the  CDK9  inhibitor  in  a 
dose  dependent  manner  than  the  parental  MCF7:WS8  cells  (Fig.  18B).  A  growth  curve  using  two 
different  concentrations  of  the  CDK9  inhibitor  over  a  six  day  period  revealed  that  30uM  of 
CAN508  was  able  to  completely  block  the  estrogen-independent  growth  of  the  MCF7:5C  cells 
(Fig.  18C).  These  data  supports  our  hypothesis  that  inhibition  of  CDK9  in  MCF7:5C  cells 
suppresses  the  estrogen-independent  growth,  most  likely  by  down-regulating  the  levels  of  cMYC 
by  blocking  the  serine-2-phosphorylation  of  RNA  polymerase  II  in  these  cells. 

Overall,  this  section  reports  a  novel  mechanism  by  which  cMYC  transcripts  are  regulated 
in  the  ERa  positive  breast  cancer  cells  resistant  to  estrogen-deprivation  and  elucidates  the 
upstream  factors  involved  in  driving  the  over-expression  of  the  cMYC  oncogene  which  is 
responsible  for  the  estrogen- independent  growth  of  the  MCF7:5C  cells,  which  mimics  the 
aromatase-resistant  breast  cancer  cells. 
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Figure  18.  Expression  of  phosphorylated  and  total 
CDK9  in  MCF7  and  MCF7:WS8  cells  and  effect  of 
CDK9  inhibitor  (CAN508)  on  spontaneous  growth  of 
MCF7  and  MCF7:5C  cells.  A.  Protein  level  of 
phosphorylated  CDK9  (T186)  and  total  CDK9  in  MCF7 
and  MCF7:5C  cells.  B.  Effect  of  CDK9  inhibitor  on  the 
growth  of  MCF7:5C  cells  as  compared  to  MCF7:WS8 
cells  after  4  days  of  treatment.  C.  Dose  dependent 
growth  inhibition  of  MCF7:5C  cells  using  CDK9 
inhibitor  (CAN508)  compared  with  MCF7  cells  over  a 
six  day  period. 
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TASK  2:  (GU/Jordan)  -  To  elucidate  the  molecular  mechanism  of  Ei  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  SERMs  or  lone-term  estrogen 
deprivation. 

Task  2b-4:  (Sengupta,  Obiorah  and  Jordan)  -  To  confirm  and  validate  developing 
pathways  of  Ei-induced  breast  cancer  cell  survival  and  apoptosis. 

Task  2b-4:  (Sengupta,  Obiorah  and  Jordan)  -  Studies  carried  out  by  Dr.  Suroieet  Sengupta  and 
Dr.  Ifeyinwa  Obiorah  in  the  Jordan  laboratory  at  Georgetown  University 

Deciphering  the  Mechanism  of  Action  of  Bisphenol  and  Bisphenol-A  in  Growth  and 
Apoptosis  of  Breast  Cancer  Cells  Mediated  by  Estrogen  Receptor  Alpha 

Introduction: 

Estrogen  receptor  alpha  (ERa)  mediates  its  action  by  binding  to  its  cognate  ligands  and 
function  as  a  “ligand-activated”  transcription  factor  in  cells  and  tissues.  Apart  from  its  natural 
ligands,  several  structurally  similar  compounds  can  bind  to  ERa  and  thus  can  function  as  its 
ligand  (24).  However,  depending  upon  the  chemical  structures  of  these  ligands  they  can  function 
as  an  ERa  agonist  or  as  an  antagonist  or  even  a  partial  agonist/  antagonist.  Many  chemically 
diverse  compounds  can  function  as  an  estrogen  on  various  assays.  Broadly,  these  estrogenic 
compounds  can  be  classified  as  class  I  and  class  II  depending  upon  their  planar  or  non-planar 
(angular)  chemical  structures,  respectively  (25).  Different  ligands  can  bind  to  the  same  core  of 
the  ligand  binding  domain  (LBD)  of  the  ERa  protein  but  can  evoke  distinct  three-dimensional 
conformation  of  the  liganded-receptor  complex  which  can  either  interact  with  the  co-activators 
or  the  co-repressors  (collectively  known  as  co-regulators)  at  the  promoters  of  estrogen 
responsive  genes  (26).  Consequently,  this  complex  modulates  the  transcriptional  activity  of  the 
various  estrogen-responsive  genes  and  eventually  determines  the  outcome  of  the  ERa  dependent 
physiological  responses  of  a  particular  cell  or  tissue  type. 

The  molecular  basis  of  this  differential  recruitment  of  the  co-regulators  has  been 
attributed  to  the  ability  of  the  liganded-ERa  to  re-orient  the  helix  12  of  the  LBD  so  that  the 
complex  can  interact  with  the  co-activators  at  the  structural  interface  formed  by  H3,  H4  and  H5 
helices,  when  ERa  is  bound  to  an  agonist  (17-beta  estradiol  or  DES)  (27,  28)  but  this  interaction 
with  the  co-activators  is  completely  blocked  when  the  ERa  is  bound  to  antagonists,  such  as  4- 
hydroxy-tamoxifen  (40HT)  (27)  or  raloxifene  (RAL)  (28).  Interestingly,  when  ERa  is  liganded 
with  an  antagonist  it  can  now  interact  with  the  co-repressors  and  can  inhibit  the  transcriptional 
activity  of  the  estrogen  responsive  genes  (20).  Besides  the  interaction  of  co-regulators  with  the 
liganded  ERa,  the  levels  of  co-activators  and  co-repressors  in  a  given  cell  can  also  determine  the 
physiological  responses  to  different  ligands  of  ERa  (20). 

Studies  from  our  lab  have  identified  that  the  amino  acid  aspartate  at  351  position  in  the 
helix  3of  LBD  of  the  ERa  is  critically  important  for  maintaining  the  integrity  of  anti -estrogenic 
activity  of  keoxifene  (raloxifene)  and  tamoxifen  (29,  30).  Previously,  its  substitution  mutation  to 
tyrosine  amino  acid  was  detected  in  one  of  the  xenograft  tumors  stimulated  by  tamoxifen  in  the 
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athymic  mice  (31).  Further  investigations  have  revealed  that  changing  the  351  aspartate  amino 
acid  of  the  ERa  to  glycine  (D351G)  abolishes  the  estrogenic  effect  of  40HT  but  does  not  affect 
estradiol  action  on  TGFa  gene  activation  in  the  ER  negative  cells  stably  transfected  with  either 
wild  type  ERa  or  D351G  mutated  ERa  (32).  Using  these  models,  estrogens  were  classified  as 
either  type  I,  which  have  the  planar  structures  or  type  II,  which  have  the  angular  or  non-planar 
structures  (25,  33).  In  this  section  we  determined  that  the  requisite  conformation  of  the  liganded- 
ERa  complex  is  different  for  inducing  growth  and  apoptosis  by  using  two  estrogenic  compounds 
bisphenol  and  bisphenol-A  on  growth  of  MCF7:WS8  cells  and  apoptosis  in  long  term  estrogen 
deprived  MCF7:5C  cells. 


Work  Accomplished; 

Differential  effect  of  Bisphenol  and  Bisphenol-A  in  inducing  apoptosis  in  MCF7:5C  cells 
but  not  growth  in  MCF7:WS8  cells 

Bisphenol  (BP)  (Fig.  19)  a  tri-phenylethylene  (TPE)  is  a  known  estrogenic  ligand  which 
can  induce  growth  of  the  ERa  positive  breast  cancer  cells  (34).  Another  compound  with  similar 
chemical  structure,  bisphenol  -A  (BP A)  (Fig.  19)  is  also  a  well  characterized  but  weak 
estrogenic  ligand. 
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OH 


OH 


Figure  19.  Chemical  structures  of 
Bisphenol  (BP)  and  Bisphenol-A 
(BPA). 
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Here  we  evaluated  the  ability  of  these  two  estrogenic  compounds  to  induce  growth  and 
apoptosis  in  MCF7:WS8  and  MCF7:5C  cells  respectively,  as  both  these  responses  can  be 
induced  by  estrogen.  As  expected,  BP  as  well  as  BPA  was  able  to  induce  dose  dependent  growth 
in  the  MCF7:WS8  cells  (Fig.  20A).  BPA  was  less  potent  compared  to  BP  as  maximal  growth 
was  achieved  by  BP  at  lO'^M  concentration  as  compared  to  lO'^M  for  BPA.  As  a  comparison 
17P-estradiol  (E2)  was  able  to  induce  maximal  growth  at  10'"m  concentration  in  the  MCF7:WS8 
cells.  Interestingly,  marked  contrast  was  observed  in  induction  of  apoptosis  by  BP  and  BPA  in 
MCF7:5C  cells  which  undergo  apoptosis  with  E2  treatment.  BPA  was  able  to  induce  apoptosis  to 
the  same  extent  as  E2  in  these  cells  at  a  higher  (10‘^M)  concentration  (Fig.  20B)  as  compared  to 
E2  which  achieved  the  maximal  apoptosis  at  IO  '^’M.  However,  BP  failed  to  induce  apoptosis 
even  at  lO'^M  concentration  (Fig.  20B).  We  further  investigated  that  if  BP  was  actually  binding 
to  the  ERa  in  the  MCF7:5C  cells  by  treating  these  cells  with  BP  in  combination  with  10‘^M  of 
E2.  BP  was  able  to  block  the  effect  of  E2  in  the  MCF7:5C  cells  (Fig.  20C)  in  a  dose  dependent 
manner  indicating  that  BP  was  actually  binding  to  the  ERa,  thus  inhibiting  the  E2  action.  On  the 
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other  hand,  BPA  was  not  able  to  block  the  effect  E2  action  (Fig.  20C).  In  addition,  we  also  show 
that  the  estrogenic  effect  of  BPA  (lO'^M)  in  inducing  apoptosis  in  MCFF7:5C  cells  was 
completely  blocked  by  BP  (lO'^M)  as  well  as  lO'^M  of  4-hydroxy  tamoxifen  (40HT)  (Fig.  20D). 
These  experiments  established  that  unlike  BPA  and  E2,  BP  was  not  functioning  as  an  estrogen  in 
inducing  apoptosis  while  both  compounds  (BPA  and  BP)  were  equally  estrogenic  in  inducing 
growth  in  MCF7:WS8  cells.  This  clearly  suggested  differential  requirement  of  ERa  mediated 
molecular  action  to  achieve  two  distinct  physiological  responses  in  the  breast  cancer  cells. 


Figure  20 
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Figure  20.  Differential  effect  of  bisphenol  (BP)  and  bisphenol-A  (BPA)  on  growth  and  apoptosis  of  ERa 
positive  breast  cancer  cells.  A.  Dose  dependent  effeets  of  BP,  BPA  and  E2  on  growth  of  MCF7:WS8  cells  treated 
for  six  days  as  indicated.  The  black  bar  denotes  the  level  of  DNA  in  vehicle  treated  cells  over  a  six  day  period.  The 
growth  is  measured  as  amount  of  DNA  present  in  each  well.  B.  Dose  dependent  effect  of  BP,  BPA  and  E2  on 
apoptosis  of  MCF7:5C  cells  treated  for  six  days  as  indicated.  The  black  bar  denotes  the  level  of  DNA  in  vehicle 
treated  cells  over  a  six  day  period.  The  growth  is  measured  as  amount  of  DNA  present  in  each  well.  C.  Dose 
dependent  effect  of  BP  and  BPA  on  E2  (InM)-induced  apoptosis  in  MCF7:5C  cells,  treated  over  a  six  day  period. 
The  growth  is  measured  as  amount  of  DNA  present  in  each  well.  D.  Effect  of  BP  and  40HT  on  BPA  induced 
apoptosis  in  MCF7:5C  cells  over  six  day  period.  The  data  is  presented  as  percent  of  growth  considering  the  vehicle 
treated  cells  as  100  percent.  Each  value  is  average  of  at  least  three  replicates  +/-  S.D. 

Regulation  of  estrogen  responsive  gene  trefoil  factor  1(TFF1  or  PS2)  by  bisphenol  and 
bisphenol-A 

We  next  investigated  the  transcriptional  regulation  of  a  characterized  estrogen-regulated 
gene,  TFFl  (PS2)  by  BP  and  BPA  and  compared  it  with  E2  and  40HT.  MCF7:WS8  cells  were 
treated  for  6  hours  with  the  0.1%  ethanol  (veh),  E2  (lO'^M),  40HT  (lO'^M),  BP  (lO'^M  and  10' 
^M)  or  BPA  (lO'^M  and  lO'^M)  and  total  RNA  was  harvested  using  TriZol  reagent.  Two 
different  concentrations  (lO'^M  and  lO'^M)  were  used  for  BP  and  BPA  because  BPA  is  a  weak 
estrogen  and  we  wanted  to  evaluate  the  concentration  dependent  regulation  of  these  compounds. 
As  expected,  PS2  mRNA  was  up-regulated  around  five  fold  by  E2  (lO'^M)  compared  to  vehicle 
treatment  and  40HT  (lO'^M)  completely  failed  to  induce  the  levels  of  PS2  mRNA  (Fig.  21).  On 
the  other  hand,  BP  treatment  at  lO'^M  concentration  moderately  (~2  fold)  up-regulated  the  PS2 
mRNA  levels  and  higher  concentration  (lO'^M)  of  BP  did  not  further  increase  the  levels  of  PS2 
(Fig.  21).  Conversely,  cells  treated  with  BPA  exhibited  dose  dependent  increase  in  up-regulation 
of  the  PS2  mRNA  and  the  magnitude  of  up-regulation  with  high  concentration  (lO'^M)  of  BP 
was  equivalent  to  the  E2-mediated  up-regulation  of  PS2  mRNA  (Fig.  21).  These  results  clearly 
indicate  the  differential  estrogenic  action  of  BP  and  BPA  mediated  by  ERa  by  which  it  achieves 
the  transcriptional  activation  of  PS2  mRNA  as  BPA  treatment  at  higher  concentration  achieved 
the  PS2  activation  comparable  with  E2,  but  BP  treatment  failed  to  do  so. 


36 


Jordan,  V.C. 


Figure  21 
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Figure  21.  Regulation  of  PS2  (TFFl)  gene  by 
bisphenol  (BP),  bisphenol-A  (BPA)  compared 
with  17-beta  estradiol  (E2)  and  4-hydroxy- 
tamoxifen  (40HT)  in  MCF7:WS8  cells  after  4 
hrs  of  treatment.  MCF7:WS8  cells  were  treated 
with  indicated  treatments  for  4hrs  and  harvested  for 
total  RNA.  Total  RNA  was  reverse  transcribed  and 
assessed  for  PS2  gene  expression  levels  using  real 
time  PCR.  36B4  gene  was  used  as  an  internal 
control.  All  values  are  represented  in  terms  of  fold 
difference  versus  vehicle  treatment. 
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Recruitment  of  ERa  and  steroid  co-activator-3  (SRC3)  at  the  promoter  of  TFFl  gene  after 
treatment  with  BP  and  BPA 

To  understand  the  differences  in  the  molecular  mechanism  of  the  transcriptional 
activation  of  PS2  gene  by  BP  and  BPA  we  performed  chromatin  immuno-precipitation  (ChIP) 
assay  to  evaluate  the  recruitment  of  ERa  and  SRC3  at  the  promoter  region  of  TFFl  (PS2)  gene 
(Fig.  22A)  which  has  an  well  characterized  functional  estrogen  responsive  element  (ERE). 
MCF7:WS8  cells  were  treated  with  either  .01%  ethanol  (veh),  E2  (lO'^M),  40HT  (lO'^M),  BP 
(10‘^M  or  lO'^M)  or  BPA  (10‘^M  or  10‘^M)  for  45  minutes  and  thereafter  harvested  for  ChIP 
assay.  As  evident  from  the  results  (Fig.  22B)  high  concentration  of  BPA  (10‘^M)  recruited  ERa 
to  the  same  extent  as  E2,  whereas  BP  treatment  (at  both  the  concentrations)  recruited  ERa 
approximately  half  as  much  of  E2  treatment.  Recruitment  of  the  co-activator,  SRC3,  which  is 
responsible  for  transcriptional  activation  of  the  PS2  gene,  followed  the  similar  pattern  as  the  ERa 
(Fig.  22C).  BPA,  at  lO'^M  concentration  treatment  at  both  the  concentrations  (lO'^M  or  lO'^M) 
recruited  SRC3  to  similar  extent  which  was  half  as  much  of  E2  treatment.  As  expected,  40HT 
treatment  did  not  recruit  SRC3  and  was  comparable  to  vehicle  treatment.  The  ChIP  data 
correlates  with  the  observed  pattern  of  transcriptional  activation  of  PS2  gene  (Fig.  21)  under 
same  treatments.  Overall,  these  results  indicate  that  binding  mode  of  BP  and  BPA  to  the  ERa 
protein  is  not  identical  as  ERa  liganded  with  BP  could  not  recruit  SRC3  at  the  PS2  promoter  to 
the  similar  levels  as  BPA.  The  fact  that  only  higher  concentration  of  BPA  was  able  to  recruit 
ERa  and  SRC3  to  the  similar  levels  as  E2  treatment  at  the  PS2  promoter  underscores  the  fact  that 
BPA  is  a  weak  estrogen,  but  its  mode  of  action  is  same  as  of  E2. 
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Figure  22 
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Figure  22.  Recruitment  of  estrogen  receptor  alpha  (ER  alpha)  and  steroid  receptor  co-activator-3  (SRC3)  at 
the  estrogen  responsive  element  (ERE)  of  proximal  promoter  of  PS2  gene  followed  hy  45  minutes  treatments 
of  hisphenol  (BP),  bisphenol-A  (BPA)  compared  with  17-heta  estradiol  (E2)  and  4-hydroxy-tamoxifen 
(40HT)  in  MCF7:WS8  cells.  A.  Schematic  representation  of  the  PS2  proximal  promoter  containing  an  ERE.  B. 
Recruitment  of  ERa  at  the  PS2  proximal  promoter,  by  ChIP  assay  after  45  minutes  of  indicated  treatment.  C. 
Reeruitment  of  SRC3  at  the  PS2  proximal  promoter,  by  ChIP  assay  after  45  minutes  of  indieated  treatment.  All  the 
values  are  representated  as  percent  input  of  the  starting  chromatin  material  and  after  subtracting  the  IgG  control  for 
each  sample. 

Differential  induction  of  transforming  growth  factor  alpha  (TGFa)  gene  by  Bisphenol  and 
Bisphenol-A  in  MDA:  MB-231  cells  stably  transfected  with  wild  type  ERa  or  D351G 
mutant  ERa. 

Previous  studies  from  our  laboratory  have  established  an  in  vitro  system  to  evaluate  and 
differentiate  the  conformation  of  liganded  ERa  induced  by  planar  and  non-planar  ligands. 
Activation  of  TGFa  gene  in  MDA:  MB  23 1  cells  stably  transfected  with  wild  type  ERa  (MC2 
cells)  or  mutant  ERa  (D351G)  (JM6  cells)  which  have  an  aspartate  substituted  with  glycine  at 
the  351  amino  acid  position,  is  used  as  a  marker  to  distinguish  the  ERa  interactions  between 
planar  and  non-planar  estrogen  ligands  (25).  We  treated  the  MC2  and  JM6  cells  with  increasing 
concentrations  of  BP  and  BPA  and  measured  the  TGFa  induction  in  these  cells.  E2  was  used  as  a 
positive  control.  In  MC2  cells,  which  have  stably  transfected  wild  type  (wt)  ERa,  all  the  tested 
ligands  induced  TGFa  transcripts  level  to  similar  levels  (Fig.  23 A).  Induction  of  TGFa  by  BPA 
was  observed  at  higher  concentrations  whereas  BP  and  E2  had  similar  effects  (Fig.  23A).  On  the 
other  hand,  in  JM6  cells,  which  are  stably  transfected  with  mutant  (D351G)  ERa,  BP  was  not 
able  to  induce  TGFa  transcription  even  at  higher  concentrations  (Fig.  23B),  whereas  E2  and  BPA 
treatment  induced  TGFa  (Fig.  23B),  although  the  maximal  induction  with  BPA  was  observed  at 
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higher  concentration  which  was  less  than  half  of  E2  treatment.  We  further  confirmed  that  E2- 
induced  TGFa  stimulation  in  JM6  cells  was  completely  blocked  by  BP  and  40HT  in  a  dose 
dependent  manner;  whereas  co-treatment  of  BPA  in  presence  of  E2  failed  to  inhibit  it  (Fig.  23C). 
These  results  further  confirmed  that  BPA  and  E2  interacted  with  ERa  in  similar  conformation 
and  BPA  was  a  weaker  ligand  than  E2.  In  contrast,  interaction  of  BP  with  ERa  was  distinctly 
different  as  it  required  the  aspartate  at  351  position  of  ERa  protein  to  induce  the  TGFa,  which 
resembles  interaction  of  ERa  with  non-planar  estrogen  molecules  (25). 


Figure  23 
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Figure  23.  Induction  of  TGFa  mRNA  by  E2,  BP,  and  BPA  in  MDA:MB  231  cells  stably  transfected  with 
wild  type  ERa  (MC2  cells)  or  D351G  mutant  ERa  (JM6  cells).  A.  MC2  cells  were  treated  with  17p  estradiol 
(E2),  bisphenol  (BP)  or  bisphenol-A  (BPA)  at  indicated  concentration  for  48  hrs  and  cells  were  harvested  for  total 
RNA.  Total  RNA  was  reverse  transcribed  and  real  time  PCR  (RTPCR)  was  performed  to  assess  the  expression  of 
TGFa  using  36B4  as  an  internal  control.  The  values  are  presented  as  fold  difference  versus  vehicle  treated  cells. 
B.  JM6  cells  were  treated  with  17p  estradiol  (E2),  bisphenol  (BP)  or  bisphenol-A  (BPA)  at  indicated 
concentrations  for  48  hrs  and  cells  were  harvested  for  total  RNA.  Total  RNA  was  reverse  transcribed  and  real 
time  PCR  (RTPCR)  was  performed  to  assess  the  expression  of  TGFa  using  36B4  as  an  internal  control.  The 
values  are  presented  as  fold  difference  versus  vehicle  treated  cells.  C.  JM6  cells  were  treated  with  E2  alone  or  in 
combination  with  different  concentration  of  bisphenol  (BP),  bisphenol-A  (BPA)  or  4-hydroxy  tamoxifen  (40HT) 
as  indicated  for  48  hrs.  The  values  are  presented  as  percentage  of  expression  of  TGFa  mRNA  considering  the  E2- 
induced  levels  as  1 00  percent. 
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Molecular  docking  of  BP  and  BPA  to  the  LBD  of  ER  alpha 

To  determine  the  binding  mode  of  BPA  and  BP  to  ERa,  the  ligands  were  docked  to  the 
agonist  and  antagonist  conformations  of  the  receptor.  The  experimental  structure,  3ERT,  was 
selected  from  PDB  for  the  antagonist  conformation  of  a  (Fig.  24A),  while  for  the  agonist 
conformation  two  experimental  structures  were  selected,  namely  the  receptor  co-crystallized 
with  E2,  IGWR  (Fig.  24B)  and  DES,  3ERD  (Fig.  24C),  respectively. 

A  commonly  used  method  to  evaluate  the  docking  method  efficiency  is  to  dock  the  co¬ 
crystallized  ligand  to  its  native  experimental  structure.  The  expected  outcome  would  be  a 
docking  solution,  pose,  which  recapitulates  the  binding  mode  of  the  ligand  in  the  binding  site  of 
the  experimental  structure.  For  this  reason,  3D-conformations  of  E2,  DES  and  40HT  were 
generated,  optimized  with  MMFF94  force  field  and  then  subjected  to  preparation  for  docking 
using  the  LigPrep  utility.  The  same  protocol  has  been  followed  for  BPA  and  BP.  Protein 
Preparation  Workflow  (Schrodinger,  EEC,  New  York,  NY,  2011)  was  employed  to  prepare  the 
proteins  for  molecular  docking.  The  residues  well-known  to  be  important  for  biological  activity 
D351  and  E353  were  kept  charged  in  all  three  receptors,  the  free  rotation  of  hydroxyl  group  for 
T347  was  allowed  and  H524  residue  was  protonated  at  the  epsilon  nitrogen  atom  in  the 
complexes  IGWR  and  3ERT  based  on  the  available  literature  data.  In  the  case  of  3ERD  complex 
two  structures  were  prepared  for  docking  runs  having  H524  protonated  at  epsilon  (3ERD_c)  and 
delta  (3ERD_5)  nitrogen. 

The  best  docking  poses  were  selected  based  on  the  composite  score,  Emodel,  which 
accounts  not  only  for  the  binding  affinity  but  also  for  the  energetic  terms,  such  as  ligand  strain 
energy  and  interaction  energy.  When  E2,  DES  and  40HT  were  docked  to  their  native  structures 
the  top  ranked  docking  solutions  have  a  ligand  RMSD  of  0.353  for  E2,  0.416  for  DES  docked  to 
3ERD_s  and  0.372  when  docked  to  3ERD_5,  and  0.629  for  40HT. 

The  predicted  binding  modes  of  BP  to  the  open  and  closed  conformation  of  ER  are 
similar,  forming  the  H-bond  network  between  E353,  R394  and  the  highly  ordered  water 
molecule  and  an  additional  H-bond  with  the  hydroxyl  group  of  T347  (Fig.  24G,  24H,  241).  The 
composite  score,  Emodel,  shows  that  BP  is  better  accommodated  in  the  binding  site  of  the  open 
or  antagonist  conformation  of  ERa  and  it  is  more  likely  for  the  ligand  to  bind  at  this 
conformation  of  ER.  Similar  results  have  been  obtained  using  the  Induced  Fit  docking  method, 
which  accounts  for  both  the  ligand  and  protein  flexibility  (34). 

In  case  of  BPA  two  highly  probable  binding  modes  have  been  identified.  The  first  one 
has  been  mostly  predicted  when  the  ligand  has  been  docked  into  the  binding  sites  of  ERa  co¬ 
crystallized  with  E2  and  DES,  the  structure  3ERD_s  using  the  SP  mode.  The  ligand  is  placed 
across  the  binding  site  in  a  similar  orientation  with  the  native  ligands,  having  the  two  methyl 
groups  involved  in  hydrophobic  contacts  with  the  side  chains  of  amino  acids  W383,  E384,  E525, 
and  E540.  Also,  BPA  forms  H-bonds  with  H524  and  E353  (Fig.  24E).  When  docking 
calculations  have  been  run  in  the  XP  mode  of  Glide  a  second  alignment  of  the  top  tanked  poses 
in  the  binding  site  of  3ERD_s  and  3ERD_5  has  been  noticed.  This  orientation  involves  the 
formation  of  H-bonds  between  the  hydroxyl  groups  of  BPA  and  amino  acids  G521,  E353  and 
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R394  (Fig.  24F).  Apart  from  the  H-bonds  formation,  the  methyl  groups  are  involved  in 
hydrophobic  contacts  with  amino  acids  L346,  F404,  and  L428.  Also,  this  binding  mode  has  been 
encountered  for  6  out  of  10  poses  resulted  from  the  docking  of  BPA  into  the  experimental 
structure  IGWR. 

When  BPA  is  docked  to  the  antagonist  conformation,  3ERT,  it  is  oriented  perpendicular 
with  the  binding  pocket  and  in  this  alignment  it  has  the  propensity  to  form  the  H-bond  network 
involving  E353,  R394  and  a  water  molecule  (Fig.  24D).  Additionally,  a  hydrogen  bond  with  the 
hydroxyl  group  of  T347  is  formed.  In  this  alignment  the  binding  site  is  poorly  occupied  and  the 
hydrophobic  contacts  with  the  amino  acids  lining  the  bottom  of  the  binding  site  are  missing. 

The  comparative  analysis  of  the  composite  score  Emodel  for  the  agonist  and  antagonist 
top  ranked  docking  poses  of  BPA  has  shown  that  the  binding  mode  predicted  for  the  antagonist 
conformation  is  highly  improbable  and  it  is  more  likely  for  BPA  to  bind  to  a  conformation  of 
ERa  closely  related  with  the  agonist  one.  On  the  other  hand,  two  distinct  binding  modes  of  BPA 
to  the  agonist  conformations  of  ERa  have  been  predicted  with  tight  Emodel  scores  and  cannot  be 
clearly  discriminated  which  alignment  is  correct  or  at  least  with  the  highest  probability  of  being 
right. 

The  docking  scores  calculated  for  E2,  DES  and  BPA  shows  the  binding  affinity  of  BPA  to 
ERa  is  much  lower  when  compared  with  the  binding  affinities  of  E2  or  DES  to  ERa.  These 
results  are  in  excellent  agreement  with  biological  experimental  data. 
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Figure  24 
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Figure  24.  Cross-sectional  representations  of  ERa  binding  sites  in  the  antagonist  (A)  and  agonist  (B,  C) 
conformations.  The  top  ranked  docking  poses  of  BPA  into  the  binding  site  of  3ERT  (D),  IGWR  (E),  3ERD  (F)  are 
displayed  with  C  atoms  colored  in  magenta  while  the  best  docking  solutions  of  BP  computed  for  3ERT  (G),  IGWR 
(H),  3ERD  (I)  are  represented  with  C  atoms  colored  in  blue.  The  amino  acids  involved  in  H-bond  contacts  are 
depicted  as  sticks  and  the  rest  of  the  amino  acids  lining  the  binding  site  are  shown  as  lines  having  the  C  atoms 
colored  in  gray.  Only  polar  hydrogen  atoms  are  shown,  for  simplicity. 

Comparative  analysis  of  regulation  of  apoptotic  genes  by  BP,  BPA,  40HT  and  E2  in 
MCF7:5C  cells  using  apoptotic  gene  RT-PCR  profiler 

We  thereafter  determined  the  effect  of  BP  and  BPA  treatment  in  regulating  the  apoptosis 
related  genes  in  MCF7:5C  cells  and  compared  it  with  E2  and  40HT  as  a  positive  and  negative 
inducer  of  apoptosis  respectively.  We  used  the  RT-PCR  profiler  assay  kits  for  apoptosis  from  a 
commercial  vendor  which  uses  384  well  plates  to  profile  the  expression  of  370  apoptosis  related 
human  genes  (Qiagen;  SABiosciences  Corp,  Fredrick,  MD;  Cat#330231  PAHS-3012E).  All  the 
procedures  were  followed  as  per  the  manufacturer’s  instructions.  To  select  a  single  time  point  of 
treatment  with  the  ligands  we  first  treated  the  MCF7:5C  cells  with  E2  (lO'^M)  for  24,  48  and  72 
hrs  (in  triplicates)  and  created  an  apoptotic  gene  signature  throughout  these  time  points  after 
comparing  them  with  vehicle  treatment  (Fig.  25A,  25B  and  25C  and  Table  1).  This  gene 


42 


Jordan,  V.C. 


signature  was  generated  by  comparing  the  expression  level  of  all  the  genes  with  vehicle 
treatment  and  selecting  the  genes  which  were  at  least  2.5  fold  over-expressed  or  under-expressed 
as  compared  to  vehicle  treated  cells.  The  fold  change  was  calculated  by  delta-delta  Ct  method 
using  the  web  based  tool,  RT  profile  PCR  array  data  analysis  version  3.5  (Qiagen; 


SABiosciences  Corp,  Fredrick,  MD). 

After  carefully  analyzing  the  gene  list  generated  by  Ej  treatments  over  the  above  said 
time  period  we  selected  48  hrs  as  the  time  point  to  treat  MCF7:5C  cells  with  BP,  BP  A  and  40HT 
and  compare  the  expression  of  the  apoptosis  related  genes  with  the  gene  signature  of  the  Ei 
treatment  at  48  hrs.  This  particular  time  point  was  selected  because  the  MCF7:5C  cells  undergo 
apoptotic  changes  after  Ei  treatment  during  this  time  period  (8)  and  also  because  after  48  hrs  of 
El  treatment  the  cells  are  committed  to  apoptosis,  as  40HT  treatment  cannot  rescue  these  cells 
after  this  time  point  (please  see  Task  2b-5,  Fig.  29). 

Figure  25 
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Figure  25.  Representation  of  E2  (InM)  regulated 
apoptotic  genes  in  MCF7:5C  cells  at  24,  48  and 
72  hrs  of  treatment  versus  vehicle  treatment 
using  volcano  plots.  A,  B  and  C  are  the  volcano 
plots  of  E2-regulated  apoptotic  genes  at  24  hrs,  48 
hrs  and  72  hrs  respectively.  Each  circle  in  the  plot 
represents  one  gene.  Genes  which  are  up-regulated 
at  least  2.5  fold  over  vehicle  treatment  are  denoted 
as  red  circles  whereas  the  genes  which  are  down- 
regulated  at  least  2.5  fold  over  vehicle  are  in  green 
circles.  The  genes  represented  by  black  circles  were 
not  considered  as  differentially  regulated.  The 
circles  above  the  blue  horizontal  line  represent  the 
genes  which  achieves  the  statistical  significance  of 
p  value  of  0.05. 


43 


Jordan,  V.C. 


Table  1 

24  Hrs  EaTreatment  48  Hrs  E2  Treatment  72  Hrs  E2  Treatment 


UP-REGULATED 

DOWN-REGULATED 

UP-REGULATED 

DOWN-REGULATED 

UP-REGULATED 

DOWN-REGULATED 

Gene  Symbol 

Fold  Regulation 

Gene  Symbol 

Fold  Regulation 

Gene  Symbol 

Fold  Regulation 

Gene  Symbol 

Fold  Regulation 

Gene  Symbol 

Fold  Regulation 

Gene  Symbol 

Fold  Regulation 

CEBPB 

4.48 

BAG1 

-3.73 

ANXA1 

18.59 

ATF5 

-2.54 

ANXA1 

31.76 

AIFM1 

-2.50 

DAPK2 

3.84 

BCL3 

-2.95 

BCL2L11 

3.52 

BAD 

-2.82 

AZU1 

6.03 

AKT1 

-4.33 

IGF1R 

2.89 

BIK 

-6.01 

BDNF 

3.46 

BAG1 

-2.98 

BBC3 

3.09 

APAF1 

-2.60 

NRG2 

3.71 

CASP9 

-3.86 

BIRC7 

2.55 

BCL3 

-3.79 

BCL2L10 

5.97 

BAD 

-4.36 

PMAIP1 

3.70 

CDS 

-7.71 

CARD6 

2.79 

BIK 

-4.62 

BDNF 

3.89 

BAG1 

-5.21 

TLR2 

2.92 

DDAH2 

-2.61 

CASP14 

2.59 

DHCR24 

-2.87 

BIRC3 

2.55 

BAG3 

-3.59 

TNFRSF21 

2.60 

FAIM2 

-32.30 

CEBPB 

4.63 

FAIM2 

-30.90 

BTK 

2.77 

BAK1 

-2.84 

TPD52L1 

2.68 

IER3 

-85.02 

DAPK1 

3.70 

IER3 

-3.53 

CAS  PI 

2.82 

BCL2L1 

-2.80 

IF  16 

-2.93 

DAPK2 

4.90 

IF  16 

-3.19 

CD70 

3.16 

BCL3 

-3.03 

INHA 

-4.06 

HIPK2 

2.69 

LCK 

-4.16 

CEBPB 

5.40 

BIK 

-3.30 

INHBA 

-3.06 

IGF1R 

5.19 

MOAP1 

-2.70 

CRYAB 

6.94 

BOK 

-3.50 

LCK 

-3.45 

IL18 

2.74 

NOX5 

-3.61 

DAPK1 

9.19 

BRCA1 

-4.15 

MOAP1 

-3.07 

JMY 

3.07 

PAX7 

-56.21 

DAPK2 

3.87 

CARD10 

-3.34 

MX1 

-2.68 

LGALS1 

6.63 

PROP1 

-2.99 

DDIT3 

8.42 

CASP6 

-2.56 

NOX5 

A.09 

NGFR 

3.34 

SOCS3 

-3.67 

HSPA1B 

3.64 

CASP7 

-2.99 

NUPR1 

-3.85 

PMAIP1 

5.81 

TIMP3 

-10.47 

IFI16 

6.80 

CHEK2 

-2.78 

PAX7 

-20.23 

PTH 

2.52 

TNFSF10 

-3.09 

IGF1R 

4.85 

DAP 

-2.58 

PROP1 

-2.87 

TLR2 

12.31 

TSC22D3 

-3.18 

IL18 

4.44 

DHCR24 

-7.00 

SOCS3 

4.88 

TNFRSF19 

2.96 

JMY 

2.95 

F2 

-4.30 

STAT1 

-2.87 

TP63 

51.32 

LGALS1 

7.15 

FAIM2 

-38.85 

TIMP3 

-7.35 

ZAK 

3.60 

LTA 

23.36 

GPX1 

-3.14 

TNFSF10 

-6.06 

LTB 

9.51 

HDAC1 

-2.74 

TSC22D3 

-3.24 

MAL 

2.75 

HMGB1 

-3.47 

NGFR 

10.10 

LCK 

-3.34 

NUPR1 

6.89 

MADD 

-3.21 

PMAIP1 

12.17 

MAPK1 

-2.52 

TLR2 

6.97 

MAPK8IP2 

-5.59 

TNF 

4.97 

MOAP1 

-3.45 

TNFAIP3 

8.89 

MTCH1 

-4.01 

TNFRSF21 

2.63 

MYBL2 

A.61 

TP63 

44.87 

NME3 

-2.70 

ZAK 

3.68 

NOL3 

-3.72 

NOX5 

-6.19 

PAX7 

-40.87 

PIK3R2 

-3.15 

PLEKHF1 

-2.66 

PRD)G 

-3.08 

PRKAA1 

-2.95 

PRLR 

-4.95 

PROP1 

-3.02 

RIPK1 

-2.88 

SOCS3 

-3.47 

TIMP3 

-7.16 

TRADD 

-2.72 

TRAF2 

-2.57 

TRAP 

-2.78 

VCP 

-3.31 

ZNF443 

-2.90 

Table  1.  Gene  list  of  E2  (InM)  regulated  apoptotic  genes  in  MCF7:5C  cells  at  24,  48  and  72  hrs  of  treatment 
versus  vehicle  treatment.  MCF7:5C  cells  were  treated  with  vehicle  or  InM  E2  for  24,  48,  and  72  hrs.  Total  RNA 
was  isolated  and  reverse  transcribed.  Subsequently  real-time  PCR  was  performed  using  RT -profiler  assay  kits  for 
apoptosis  and  the  genes  which  were  at  least  2.5  fold  up-regulated  or  down-regulated  as  compared  to  vehicle 
treatment  were  selected  for  creating  this  gene  list.  All  the  treatments  were  performed  in  triplicate,  and  the  data  is 
presented  as  average  fold  regulation. 


Next,  we  analyzed  the  changes  in  the  overall  expression  profiles  of  apoptotic  genes  by  E2, 
40HT,  BP,  and  BPA  versus  vehicle  (Veh)  treatment  at  48  hrs  (Fig.  26A,  26B,  26C  and  26D 
respectively)  using  the  same  apoptosis  RT  profiler. 

For  any  gene  to  be  considered  as  differentially  expressed  we  set  the  cut-off  as  2.5  fold 
up-  or  down-regulation  versus  the  vehicle  treatment.  Using  this  criterion  we  created  a  gene-list 
for  up-regulated  and  down-regulated  gens  for  each  treatment  group  (Table  2). 
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Figure  26 
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Figure  26.  Representation  of  17-p  estradiol  10"^  M  (E2),  4-hydroxy  tamoxifen,  10"^  M  (40HT),  bisphenol,  10"^ 
M  (BP)  and  bisphenol  A,  10"^  M  (BPA)  regulated  apoptotic  genes  in  MCF7:5C  cells  after  48  hrs  of  treatment 
versus  vehicle  using  volcano  plots.  A,  B,  C  and  D  are  the  volcano  plots  of  apoptotic  genes  regulated  by  E2,  40HT, 
BP  and  BPA,  respectively  after  48  hrs  treatment.  Each  circle  in  the  plot  represents  one  gene.  Genes  which  are  up- 
regulated  at  least  2.5  fold  over  vehicle  treatment  are  denoted  as  red  circles  whereas  the  genes  which  are  down- 
regulated  at  least  2.5  fold  over  vehicle  are  in  green  circles.  The  genes  represented  by  black  circles  were  not 
considered  as  differentially  regulated.  The  circles  above  the  blue  horizontal  line  represent  the  genes  which  achieves 
the  statistical  significance  of  p  value  of  0.05. 
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Table  2 


Table  2.  Gene  list  of  17-p  estradiol,  10"^  M  (E2),  4-hydroxy  tamoxifen,  10"^  M  (40HT),  bisphenol,  10"^  M  (BP) 
and  bisphenol  A,  10"^  M  (BP A)  regulated  apoptotic  genes  in  MCF7:5C  cells  after  48  hrs  of  treatment  versus 
vehicle.  MCF7:5C  cells  were  treated  with  vehicle,  InM  E2,  40HT,  BP  and  BPA  for  48  hrs.  Total  RNA  was  isolated 
and  reverse  transcribed.  Subsequently  real-time  PCR  was  performed  using  RT -profiler  assay  kits  (see  text  for  details) 
for  apoptosis  and  the  genes  which  were  at  least  2.5  fold  up-regulated  or  down-regulated  as  compared  to  vehicle 
treatment  were  selected  for  creating  this  gene  list.  All  the  treatments  were  performed  in  triplicate,  and  the  data 
presented  is  average  fold  regulation. 
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We  thereafter  generated  a  heat  map  (Fig.  27)  using  the  online  tool,  RT^  profile  PCR  array 
data  analysis  version  3.5  (Qiagen;  SABiosciences  Corp,  Fredrick,  MD)  in  which  we  selected  all 
the  genes  which  were  at  least  2.5  fold  up-  or  down-regulated  by  Ei  treatment  and  compared  it 
with  other  ligand  treatments.  This  heat  map  clearly  demonstrates  that  the  genes  which  are  up- 
regulated  at  least  2.5  fold  after  48  hrs  of  E2  treatment  are  not  up-regulated  in  40HT  or  BP 
treatment. 


Figure  27 
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Figure  27.  Heat  map  of  apoptotic  genes  which  are  at  least  2.5  fold  up-  or  down-regulated  by  48  hrs  of 
treatment  of  17-p  estradiol  10"^  M  (E2),  versus  vehicle  and  its  relative  comparison  of  their  expression  with  4- 
hydroxy  tamoxifen,  10'^  M  (40HT),  bisphenol,  10'^  M  (BP)  and  bisphenol  A,  10'^  M  (BP A)  treatment  after 
48  hrs  in  MCF7:5C  cells.  The  maximum  expressed  level  of  any  given  gene  is  represented  by  red  color  and 
minimum  levels  are  presented  as  green  color.  Control  group  and  group  1,  2,  3,  4  are  the  re -presentation  of  the 
vehicle,  E2,  40HT,  BP  and  BPA  treatments  respectively.  The  gene  expression  levels  in  each  treatment  group  is  the 
average  of  three  independent  biological  replicates. 


However,  majority  of  the  genes  up-regulated  by  BPA  treatment  are  the  same  genes  up- 
regulated  by  the  E2  treatment.  Many  of  these  genes  are  up-regulated  by  BPA  to  the  similar  extent 
as  E2  and  others  show  a  distinet  trend  of  over-expression  as  eompared  to  vehiele  (Fig.  27). 
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This  clearly  distinguishes  between  BPA  treatment  versus  BP  treatment  and  40HT 
treatment  in  MCF7:5C  cells,  as  BPA  treatment  resembles  closely  to  E2  treatment  whereas  BP 
treatment  is  more  like  40HT  treatment,  regarding  the  up-regulated  genes,  establishing  the  fact 
that  the  mode  of  action  of  BP  in  MCF7:5C  cells  is  like  an  “estrogen-antagonist”  as  it  fails  to 
induce  expression  of  genes  involved  in  apoptosis,  within  48  hrs  of  treatment  (Fig.  27). 
Conversely,  BPA  treatment  induced  the  apoptotic  genes  in  MCF7:5C  cells  in  a  similar  manner  as 
E2  treatment  (Fig.  27).  Also  by  comparing  the  gene  list  (Table  2),  which  includes  all  the  genes 
up-  or  down-regulated  at  least  2.5  fold  by  the  treatments,  it  is  evident  that  66%  of  up-regulated 
genes  are  common  between  E2  and  BPA  treatment,  whereas  in  comparison  only  8%  genes  are 
commonly  up-regulated  by  BP  or  40HT  treatment. 

Another  interesting  observation  is  the  fact  that  the  down-regulated  genes  follow  a 
different  pattern.  The  genes  down-regulated  by  BP  treatment  resemble  more  to  E2  and  BPA 
treatment  than  40HT  treatment  (Fig.  27  and  Table  2),  as  around  53%  and  61%  of  down- 
regulated  genes  by  the  treatment  of  BP  and  BPA  respectively,  are  common  with  E2  treatment 
(Table  2).  This  suggests  that  the  conformational  requirement  of  liganded-  ERa  is  different  for 
up-regulation  and  down-regulation  of  genes.  Furthermore,  it  indicates  that  the  up-regulated 
apoptotic  genes  are  responsible  for  inducing  the  apoptosis  since  up-regulated  genes  are 
differentially  regulated  by  BP  and  BPA  but  not  the  down-regulated  genes. 

Overall,  in  this  section  we  have  established  that  the  conformational  requirement  of  ERa- 
liganded  complex  is  different  for  the  growth  and  apoptosis,  by  using  two  structurally  similar 
„estrogenic’  ligands,  bisphenol  and  bisphenol-A.  The  conformation  of  the  ERa-liganded  complex 
not  only  depends  upon  the  chemical  structure  of  the  ligand  but  also  the  binding  mode  of  the 
ligand  to  the  ERa  protein.  Subsequently,  the  structural  conformation  of  the  complex  dictates  the 
interaction  with  the  co-activators  or  co-repressors  which  is  eventually  responsible  for  the 
transcriptional  regulation  of  the  genes  and  the  overall  functional  outcome. 


TASK  2:  (GU/Jordan)  -  To  elucidate  the  molecular  mechanism  of  Ei  induced  survival  and 
apoptosis  in  breast  cancer  cells  resistant  to  either  SERMs  or  long-term  estrogen 
deprivation. 

Task  2b-5:  Obiorah  and  Jordan  -  To  elucidate  the  critical  trigger  point  for  estradiol 
induced  apoptosis  and  explore  differential  gene  expression  in  comparison  to  cytotoxic 
chemotherapy  induced  apoptosis. 

Task  2b-5:  (Obiorah  and  Jordan)  -  Studies  carried  out  by  Dr.  Ifeyinwa  Obiorah  in  the  Jordan 
laboratory  at  Georgetown  University. 

Determination  of  the  fatality  point  for  estradiol-induced  apoptosis  and  contrast  with 
cytotoxic  chemotherapy  induced  apoptosis 
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Introduction: 

Estradiol  (E2)  is  a  key  growth  stimulus  for  estrogen  receptor  positive  breast  cancer. 
Clinical  studies  support  the  use  of  estrogens  in  the  treatment  of  estrogen  receptor  (ER)  positive 
postmenopausal  breast  cancer  (35).  Synthetic  high  dose  estrogens  induced  regression  of  tumors 
in  postmenopausal  women  with  advanced  breast  cancer  in  the  first  ever  reported  cancer 
chemotherapy  mediated  clinical  study.  This  was  supported  by  Lonning  and  colleagues  (36)  who 
found  that  5mg  t.i.d  diethylstilbestrol  induced  partial  to  complete  response  in  10  out  of  34 
postmenopausal  breast  cancer  patients  who  had  previous  exhaustive  antihormone  therapy.  A 
recent  clinical  trial  (3)  showed  that  women  with  advanced  breast  cancer  and  acquired  resistance 
to  aromatase  inhibitors,  responded  to  low  dose  estrogen.  The  use  of  conjugated  equine  estrogens 
in  hysterectomised  postmenopausal  women  reveals  protection  from  the  incidence  of  invasive 
breast  cancer  (37).  Laboratory  studies  show  that  physiologic  estrogen  cause  long  term 
tamoxifen  resistant  tumors  to  regress  (38).  Previous  studies  in  our  lab  have  demonstrated  that  E2 
induces  apoptosis  in  long  term  estrogen  deprived  MCF-7  cells  (8).  Given  that  these  laboratory 
observations  translate  to  clinical  research,  it  is  imperative  to  investigate  the  molecular  events  that 
precede  the  induction  of  apoptosis  by  E2.  Cancer  chemotherapy  induces  rapid  death  of 
neoplastic  cells,  but  estrogen  induced  apoptosis  is  a  delayed  event.  We  have  recently  identified 
the  sequential  mechanism  that  lies  behind  E2  induced  apoptosis  using  long  term  estrogen 
deprived  estrogen  responsive  breast  cancer  cells  (9),  However  very  little  is  known  on  the  effect 
of  cytotoxic  chemotherapy  in  these  cells.  Paclitaxel  is  mitotic  spindle  inhibitor  that  prevents 
destabilization  of  microtubules.  These  taxanes  are  used  extensively  in  the  adjuvant  therapy  of 
early  breast  cancer  and  may  potentially  decrease  risk  of  cancer  recurrence  and  mortality  (39). 
Here  we  have  determined  the  estrogen  critical  trigger  point  for  the  induction  of  apoptosis  and 
elucidated  the  differential  gene  expression  at  this  point  in  comparison  to  paclitaxel  induced 
apoptosis  using  the  same  cell  models. 

Work  Accomplished: 

Growth  effects  of  estradiol,  4-hydroxytamoxifen  (40HT)  and  paclitaxel  in  MCF7:5C  cells 

Long  term  estrogen  deprived  MCF7  cells  grow  independently  of  estrogens  and  induce 
apoptosis  in  the  presence  of  E2.  To  identify  inhibitory  effects  of  paclitaxel  in  MCF7:5C  cells  and 
explore  its  potential  to  induce  apoptosis  in  comparison  to  E2,  the  cells  were  seeded  in  24  well 
plates  and  treated  with  different  concentrations  of  the  compounds  over  the  indicated  days  and  the 
DNA  was  measured  in  each  well  using  a  fluorescent  dye.  Figure  28A  shows  that  E2  treatment 
induces  apoptosis  of  MCF7:5C  cells  in  a  concentration  dependent  manner  at  the  end  of  six  days 
treatment.  In  contrast,  the  cells  remain  unresponsive  to  antiestrogen,  40HT  but  rather  40HT 
blocks  E2  mediated  apoptosis  (Fig.  28B).  Paclitaxel  induced  rapid  inhibition  of  growth  in  a  dose 
dependent  manner  with  maximum  inhibition  at  lOuM.  Fifty  percent  growth  inhibition  was 
achieved  by  24hrs  (Fig.  28C),  which  increased  to  almost  100%  after  48hrs  of  treatment  (Fig. 
28D).  In  comparison,  E2  did  not  quantitatively  induce  apoptosis  until  after  72hrs  (Fig.  28E  and 
28F).  Taken  together,  this  study  demonstrated  that  these  breast  cancer  cells  responded  rapidly  to 
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the  death  effects  of  paclitaxel  in  comparison  to  E2  which  highlights  the  diversity  of  responses 
that  may  be  related  to  differential  gene  expression. 


Figure  28 
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Figure  28.  Effect  of  E2  and  Paclitaxel  on  the  growth  characteristics  and  apoptosis  in  the  MCF7:5C  cells.  A. 

MCF7:5C  cells  were  seeded  in  24-well  plate  and  treated  with  indicated  compounds  over  a  range  of  doses  for 
six  days.  Cell  growth  was  assessed  as  DNA  content  in  each  well.  B.  MCF7:5C  cells  were  seeded  as  in  A  and  cells 
were  treated  with  either  E2  (InM)  alone  or  in  combination  with  luM  40HT.  MCF7;5C  were  seeded  in  24  well  plates 
and  treated  with  increasing  concentrations  of  paclitaxel  and  E2  and  cells  were  harvested  after  24hrs  (C),  48hrs  (D), 
72  hrs  (E)  and  96hrs  (F).  The  extent  of  apoptosis  was  determined  by  measuring  the  DNA  content  of  the  r 
remaining  cells  in  each  well.  Each  data  point  shown  is  average  of  3  replicate  +/-  SD. 


Determination  of  the  critical  trieeer  point  of  estradiol  induced  apoptosis 

To  further  investigate  the  delayed  response  to  E2  mediated  apoptosis,  MCF7:5C  cells 
were  treated  with  1  nM  of  E2  and  subsequently  luM  of  40HT  was  used  to  block  the  apoptotic 
effects  of  E2  at  the  indicated  time  points.  40HT  was  able  to  reverse  E2  mediated  apoptosis  up  to 
24hrs,  where  thereafter,  it  lost  the  ability  to  block  apoptosis  (Fig.  29).  This  indicates  that  the 
critical  trigger  point  for  induction  of  apoptosis  by  E2  lies  between  24hrs  and  48hrs. 
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Figure  29 
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Figure  29.  40HT  fails  to  block  Ei  induced  apoptosis  after  24hrs.  15000  MCF5C  cells  were  seeded  in  24  well 
plates  in  triplicates.  Cells  were  treated  with  E2  (InM)  alone  and  luM  40HTwas  used  to  bloek  E2  treated  cells  at 
6hrs,  12hrs,  24hrs,  36hrs,  48hrs,  60hrs,  72hrs,  84hrs  and  96hrs.  The  extent  of  apoptosis  was  determined  by  measuring 
the  DNA  content  of  the  remaining  cells  in  each  well.  Each  data  point  shown  is  average  of  3  replicate  +/-  SD.  E2 
mediated  anootosis  cannot  be  rescued  after  24hrs  bv  40HT. 

Differential  gene  expression  of  E2  mediated  apoptosis  at  the  critical  trigger  point 

To  identify  genes  associated  with  Ei-induced  apoptosis  with  a  particular  interest  to  the 
critical  trigger  time  point,  differential  regulation  of  apoptotic  gene  expression  in  response  to  E2 
was  interrogated  in  the  MCF7:5C  cells.  Cells  were  treated  with  InM  E2  or  without  E2  (control), 
luM  40HT  and  E2  in  combination  with  40HT  over  a  48  hr  time  course  consisting  of  3  time 
points. 

RNA  was  extracted  and  were  quality  controlled  for  expected  induction  of  TFFl  (trefoil 
factor  1)  mRNA  expression  (data  not  shown)  in  E2-treated  samples  and  for  no  induction  in 
control-treated  samples.  Gene  expression  was  measured  using  customized  PCR  arrays  that 
include  384-well  plate,  for  detection  of  apoptotic  pathway  focused  genes  as  well  as  appropriate 
RNA  quality  controls.  The  PCR  array  performs  gene  expression  analysis  with  real-time  PCR 
sensitivity  and  the  multi-gene  profiling  capability  of  a  microarray.  Gene  expression  values  were 
extracted  and  analyzed  as  per  manufacturer’s  protocol.  At  the  24  hr  time  point,  as  expected 
significant  evidence  of  apoptotic  gene  induction  is  not  apparent,  rather  proapoptotic  genes  appear 
to  be  differentially  downregulated  by  E2  (Fig.  30).  However,  PMAIP  l(also  known  as  NOXA) 
and  Tumor  necrosis  factor  super  family  members  TNFRSF  8  and  TNFSF  14  are  upregulated. 
40HT,  either  in  the  presence  or  absence  of  E2  is  able  to  block  E2  mediated  effects.  Interestingly, 
at  36  hrs  (Fig.  31),  which  represents  the  critical  trigger  point,  E2  induces  proinflammatory  genes 
such  as  CEBPB,  endoplasmic  reticulum  stress  (ERS)  genes;  DDIT3  which  have  previously  been 
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reported  in  our  global  gene  microarray  study  (9).  BIM,  DAPKl,  NOXA  and  TP63,  which  all 
play  a  role  in  apoptosis,  are  upregulated.  Expression  of  BIM  correlates  with  the  reported  finding 
(8)  of  its  protein  expression  in  E2  treated  5C  cells  and  that  SiRNA-mediated  knock  down  of  BIM 
prevented  apoptosis.  PMAIP  I  (also  known  as  NOXA),  a  BcI-2  homology  (BH3)  only  family 
was  expressed  as  early  as  at  the  24hrs  time  point  indicating  that  it  may  play  a  pivotal  role  in 
initiating  the  intrinsic  pathway  of  apoptosis.  Following  48  hrs  of  treatment  (Fig.  32),  the  gene 
expression  expands  to  involve  p53  and  death  receptor  genes  FAS,  TNFRSF21  and  TNF  and 
increased  expression  of  the  CEBPB  family  and  the  DAPK  family.  The  identified  apoptosis  genes 
are  listed  in  Figures  30C,  3 1C  and  32C. 
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Figure  30.  Determination  of  E2  mediated  apoptotic  genes  at  its  critical  trigger  point.  MCF7:5C  cells  were 
seeded  at  300,000  cells  per  well  in  6  well  plates,  in  estrogen-free  media.  Cells  were  parsed  into  groups  of  3 
replicates  per  treatment  per  time  point,  and  then  treated  with  either  0.1%ethanol  (control),  InM  E2,  1  uM  40HT  in 
the  presence  or  absence  of  E2,  for  24,  36,  and  48  hrs.  Cells  were  harvested  for  RNA  using  TRIzol.  Total  RNA  was 
isolated,  quality  controlled  and  reverse  transcribed  using  a  first  strand  synthesis  kit.  Samples  were  loaded  onto 
customized  PCR  array  plates  with  primers  for  indicated  apoptotic  genes.  Gene  expression  values  were  obtained  and 
analyzed  in  comparison  to  the  controls  at  24  hours  (A,  B,  C).  Genes  upregulated  are  represented  in  pink  and 
dowregulated  genes  are  represented  in  blue. 
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Figure  31 
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Figure  31.  Determination  of  E2  mediated  apoptotic  genes  at  its  critical  trigger  point.  MCF7:5C  cells  were 
seeded  at  300,000  cells  per  well  in  6  well  plates,  in  estrogen-free  media.  Cells  were  parsed  into  groups  of  3 
replicates  per  treatment  per  time  point,  and  then  treated  with  either  0.1%ethanol  (control),  InM  E2,  1  uM  40HT  in 
the  presence  or  absence  of  E2,  for  24,  36,  and  48  hrs.  Cells  were  harvested  for  RNA  using  TRIzol.  Total  RNA  was 
isolated,  quality  controlled  and  reverse  transcribed  using  a  first  strand  synthesis  kit.  Samples  were  loaded  onto 
customized  PCR  array  plates  with  primers  for  indicated  apoptotic  genes.  Gene  expression  values  were  obtained  and 
analyzed  in  comparison  to  the  controls  at  36  hours  (A,  B,  C).  Genes  upregulated  are  represented  in  pink  and 
dowregulated  genes  are  represented  in  blue. 

Figure  32 


A 


.3*7 


•417 


E2  48hrs  40HT  48hrs  E2  +40HT  48hrs 


55 


Jordan,  V.C 


B 


56 


Group  3 1 
Group  2I 
Group  1 P 
Control  Group , 


Jordan,  V.C. 


BAD 

-2.5023 

BAG1 

-2.7721 

BAGS 

-2.6497 

BIK 

-4.2268 

CASP1 

-8.1698 

DHCR24 

-4.8597 

FAIM2 

-9.287 

IER3 

-3.2977 

IFI16 

-2.8643 

IFI6 

-3.108 

NOL3 

-3.4184 

PAK7 

-3.222 

PAX7 

-32.2886 

PDCD6 

-2.8903 

PLEKHF1 

-3.4435 

SOCS3 

-4.8034 

TIMP3 

-35.754 

TNFSF10 

-3.1145 

Gene  Symbol 

Fold  Regulation 

ANXA1 

57.3851 

BCL2L10 

11.1112 

BCL2L11 

6.1039 

BCL6 

3.0659 

CARD6 

5.1788 

GASP 14 

4.1381 

CEBPB 

5,3823 

CEBPG 

4.403 

DAPK1 

10.1625 

DAPK2 

3.3865 

DBP 

3.2951 

DDIT3 

8.5521 

ERN1 

6.268 

FAS 

3.1267 

HRK 

3.3396 

IGF1R 

5.1589 

IL18 

2.7084 

JMY 

7.5993 

LGALS1 

18.2555 

LTA 

8.9147 

LTB 

2.8441 

MYC 

2.8013 

NDUFA13 

7.2126 

NGFR 

6.8376 

PMAIP1 

7.6316 

PRKCE 

3.0529 

SFN 

9.2554 

SOCS2 

9.5122 

SPP1 

5.5017 

TLR2 

4.2949 

TNF 

4.228 

TNFAIP3 

3.0417 

TNFRSF21 

2.5535 

TP53 

2.612 

TP63 

90.3002 

TPD52L1 

4.1153 

ZAK 

3.3906 

40HT48hrs 


Gene  Symbol 

Fold  Regulation 

LTA 

2.6067 

SFN 

15.8793 

SOCS2 

6.057 

SPP1 

3.6436 

TPD52L1 

3.0662 

Gene  Symbol 

Fold  Regulation 

CASP1 

-3.956 

FAIM2 

-3.2491 

PAK7 

-2.5648 

PAX7 

-4.2314 

TIMP3 

-7.6083 

E2+40HT48hrs 


Gene  Symbol 

Fold  Regulation 

DDIT3 

3.8055 

SFN 

9.1735 

SOCS2 

6.901 

Gene  Symbol 

Fold  Regulation 

CASP1 

-3.8153 

FAIM2 

-4.6224 

PAK7 

-3.2137 

PAX7 

-4.9887 

SOCS3 

-2.682 

TIMP3 

-4.8827 

Figure  32.  Determination  of  E2  mediated  apoptotic  genes  at  its  critical  trigger  point.  MCF7:5C  cells  were 
seeded  at  300,000  cells  per  well  in  6  well  plates,  in  estrogen-free  media.  Cells  were  parsed  into  groups  of  3 
replicates  per  treatment  per  time  point,  and  then  treated  with  either  0.1%ethanol  (control),  InM  E2,  1  uM  40HT  in 
the  presence  or  absence  of  E2,  for  24,  36,  and  48  hrs.  Cells  were  harvested  for  RNA  using  TRIzol.  Total  RNA  was 
isolated,  quality  controlled  and  reverse  transcribed  using  a  first  strand  synthesis  kit.  Samples  were  loaded  onto 
customized  PCR  array  plates  with  primers  for  indicated  apoptotic  genes.  Gene  expression  values  were  obtained  and 
analyzed  in  comparison  to  the  controls  at  48  hours  (A,  B,  C).  Genes  upregulated  are  represented  in  pink  and 
dowregulated  genes  are  represented  in  blue. 

Paclitaxel  induces  apoptosis  in  MCF7:5C  cells  throueh  a  death  receptor  mediated  pathway. 

Because  paclitaxel  induces  apoptosis  rapidly  in  MCF7:5C  cells,  we  further  investigated 
expressed  genes  induced  by  paclitaxel  that  may  elucidate  a  differential  course  of  action. 
MCF7:5C  cells  were  treated  with  luM  paclitaxel  at  indicated  time  points  and  samples  were 
quality  controlled  for  gene  expression  using  PCR  array.  In  comparison  to  E2,  paclitaxel 
selectively  activated  the  tumor  necrosis  factor  (TNF)  superfamily  which  represents  a 
multifunctional  proinflammatory  cytokines  involved  in  the  regulation  of  a  number  of  processes 
including  apoptosis.  Twelve  hours  (Fig.  33 A,  33B  and  33C)  treatment  induced  TNFRSFIOA 
tumor  necrosis  factor  receptor  superfamily,  member  10a  and  TNFRSFIOB  which  are  known  to 
be  activated  by  the  ligand  tumor  necrosis  factor-related  apoptosis  inducing  ligand 
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(TNFSF  10/TRAIL),  and  causes  death  through  the  extramitochondrial  pathway.  Similarly  an 
additionally  expressed  gene  TNFRSF19  (tumor  necrosis  factor  receptor  superfamily,  member 
19)  induces  apoptosis  in  a  caspase-independent  manner.  Furthermore  death  receptor  genes  FAD, 
TNF  and  other  TNF  super  family  genes;  LTA,LTB  are  activated  at  24  hrs  treatment  with 
paclitaxel  (Fig.  33D,  33E  and  33F)  which  further  induces  CDKNIA  cyclin-dependent  kinase 
inhibitor  lA  (p21,  Cipl)  that  is  known  to  inhibit  the  activity  of  cyclin-CDK2  or  -CDK4 
complexes  at  G1  phase.  DAPKl,  NOXA,  TNF  and  FAS  are  the  genes  induced  by  both  E2  and 
paclitaxel.DAPKl  activates  gamma-interferon  induced  programmed  cell  death  and  its  role  in 
paclitaxel  induced  apoptosis  yet  to  be  determined. 

Figure  33 
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Figure  33.  Determination  of  apoptotic  genes  induced  by  a  cytotoxic  chemotherapy  in  MCF7:5C  cells.  MCF7: 
5C  cells  were  seeded  at  300  000  cells  per  well  in  6  well  plates,  in  estrogen-free  media.  Cells  were  parsed  into  groups 
of  3  replicates  per  treatment  per  time  point,  and  then  treated  with  either  0.1%ethanol  (control),  or  luM  paclitaxel  for 
12hrs,  and  48  hrs.  Cells  were  harvested  for  RNA  using  TRIzol.  Total  RNA  was  isolated,  quality  controlled  and 
reverse  transcribed  using  a  first  strand  synthesis  kit.  Samples  were  loaded  onto  customized  PCR  array  plates  with 
primers  for  indicated  apoptotic  genes.  Gene  expression  values  were  obtained  and  analyzed  in  comparison  to  the 
controls  at  12  hours  (Fig.  33 A,  33B  and  33C)  and  24  hours  (Fig.  33D,  33E  and  33F).  Gene  upregulated  are 
represented  in  pink  and  dowregulated  genes  are  represented  in  blue. 

Conclusion; 

E2-induced  apoptosis  occurs  as  a  delayed  event  in  MCF7:5C  cells  in  contrast  to  the 
generally  accepted  norm.  Paclitaxel,  a  cytotoxic  chemotherapy,  rapidly  induces  apoptosis  in  the 
same  cell  line  by  24  hrs,  while  E2  begins  this  process  after  72  hrs  using  a  cell  proliferation  assay. 
E2  induces  ERS  and  inflammatory  stress  genes  as  well  as  apoptotic  genes  that  induce  both  the 
intrinsic  and  extrinsic  apoptosis  pathway.  Given  the  above  results,  it  is  proposed  that  the  delayed 
mechanism  of  apoptosis  induced  by  E2  involves  an  initial  induction  of  both  endoplasmic 
reticulum  stress  and  proinflammatory  stress  with  early  involvement  of  NOXA  and  subsequent 
activation  of  mitochondrial  mediated  apoptotic  genes  that  later  expands  to  involve  other 
apoptotic  genes  including  the  death  receptor  gene  family.  Therefore  E2-induced  apoptosis 
involves  a  number  of  multifactorial  events  that  may  explain  the  delayed  apoptosis  that  is 
observed  in  the  MCF7:5C  cells.  On  the  other  hand,  paclitaxel  selectively  induces  the 
TRAIL/TNFRSFIOA/B  pathway  initially  which  expand  to  involve  more  death  receptors  with 
inhibition  of  the  cell  cycle  at  G1  checkpoint  by  p21.  In  addition,  NOXA  and  DAPKl  also 
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induced  by  E2  are  expressed  at  24  hrs.  The  implicated  role  of  these  two  genes  is  not  obviously 
apparent  to  the  rapid  and  delayed  treatment  with  paclitaxel  and  E2  respectively. 


TASK  3;  IGU/Riegel  and  Wellstein)  -  To  decipher  cellular  signaling  pathways  using 
proteomics  and  to  mesh  proteomics  and  mRNA  analysis. 

Introduction: 

From  the  previously  published  experiments  on  the  characterization  of  the  MCF7:5C  cell 
culture  in  vitro  we  identified  ER  and  AIBl  interacting  proteins  uniquely  controlled  in  their 
interactions  by  differential  patterns  of  post-translational  modifications  (PTMs)  that  in  turn  can 
activate  different  signaling  pathways  downstream  of  both  of  them. 

Next  we  aimed  to  identify  signaling  events  that  control  estrogen-induced  apoptosis  in 
vivo  tumor  model  and  compare  this  result  with  our  previously  reported  and  published  results 
from  in  vitro  analysis  that  were  performed  in  cell  culture  (40).  A  model  for  this  are  tumor 
xenografts  of  MCF7:5C  cells,  a  long-term  estrogen  deprivation-resistant  variant  line  of  breast 
cancer  MCF-7  cells  that  undergo  apoptosis  in  response  to  E2. 

Work  Accomplished: 

Xenograft  tumors  were  prepared  in  laboratory  of  Dr.  Jordan.  Athymic  nude 
ovariectomized  female  mice  of  4-5  weeks  old  were  purchased  from  Harlan  Sprague  Dawley 
(Frederick,  MD).  Five  Mice  were  injected  with  about  5  million  MCF7:5C  cells  per  site, 
bilaterally  into  the  mammary  fat  pads  in  a  1:1  mixture  of  growth  factor  reduced,  phenol  red-  free 
Matrigel  (BD  Biosciences,  Bedford,  MA).  The  tumor  cross  sectional  area  was  recorded  weekly 
using  the  formula:  [length  (cm)  x  width  (cm)  x  7r/4].  Seven  weeks  after  injecting  cells  into  the 
mammary  fat  pad,  tumor-bearing  mice  were  treated  with  either  vehicle  (100  ul  peanut  oil)  or  2.0 
micrograms  of  17-beta  estradiol  in  100  ul  of  peanut  oil  by  intraperitoneal  injection.  The  estrogen 
treated  tumors  were  harvested  after  2  hours  and  6  hours  of  treatment.  The  tumors  were  cleaned 
of  any  fat  and  adjoining  tissue,  split  into  two  pieces  and  snap  frozen  in  liquid  nitrogen  and  kept 

O 

at  -80  C  until  further  use.  One  half  was  used  for  preparation  of  frozen  sections  and  H&E 
staining.  The  rest  was  used  for  proteins  and  RNA  extraction. 

The  paraffin  cross  section  of  tumor  samples  were  stained  with  an  H&E  and  showed 
cellular  homogeneity  and  tumor  content  with  moderate  connective  tissue  content  and  little 
necrosis  (data  not  shown). 

The  pattern  of  E2  dependent  transcription  activation  in  MCF-7 :5C  tumor  xenograft  was 
assessed  by  qRT-PCR  and  compared  with  a  recent  in  vitro  study  (9).  Total  RNA  from  the 
tumors  was  isolated  using  TRIzol  reagent  (Invitrogen,  Carlsbad,  CA,  USA)  and  an  RNeasy  kit 
(Qiagen  Inc.)  as  per  the  manufacturer’s  instructions.  One  ug  of  the  total  RNA  was  reverse 
transcribed  in  a  total  volume  of  20  uL  using  a  high-capacity  cDNA  reverse  transcription  kit 
(Applied  Biosystems,  Foster  City,  CA,  USA)  as  per  manufacturer’s  instructions  and 
subsequently  diluted  to  500  uL  with  sterile  water.  The  real-time  PCR  was  performed  in  a  20  uL 
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reaction  which  included  IxSYBR  green  PCR  master  mix  (Applied  Biosystems),  125  nM  each  of 
forward  and  reverse  primers  and  5  uL  of  diluted  cDNA  using  an  ABI  Prism  7900  HT  Sequence 
Detection  System  (Applied  Biosystems)  for  40  cycles  (95°C  for  15  s,  60°C  for  1  min)  following 
an  initial  10  min  incubation  at  95°C.  The  fold  change  in  expression  of  transcripts  was  calculated 
using  the  delta-delta  Ct  method,  with  the  ribosomal  protein  36B4  mRNA  as  the  internal  control. 
The  primer  sequences  used  are  as  follows: 

36B4:  Fwd  5’GTGTTCGACAATGGCAGCAT3’; 

36B4:  Rev  5’GACACCCTCCAGGAAGCGA3’; 

C-MYC:  Fwd5 ’GCCACGTCTCCACACATCAG3 ’ ; 

C-MYC:  Rev  5’TCTTGGCAGCAGGATAGTCCTT3’; 

Cyclin  Dl:  Fwd  5’TATTGCGCTGCTACCGTTGA3’; 

Cyclin  Dl:  Rev  5’CCAATAGCAGCAAACAATGTGAAA3’. 

The  transcription  activity  of  three  well  known  estrogen  regulated  genes,  namely  cMYC, 
Cyclin  Dl  and  PS2  (TFFl)  were  induced.  The  most  prominent  effect  of  estrogen  was  observed  in 
cMYC  regulation,  followed  by  cyclin  Dl  and  PS2  (Fig.  34;  data  shown  for  cMYC  and  Cyclin 
Dl).  Overall,  these  data  are  in  accord  with  the  in  vitro  report  and  does  provide  evidence  of  17p 
estradiol  mediated  transcriptional  activation  in  the  xenograft  tumors  after  short  term  (2  hrs  and  6 
hrs)  of  steroid  treatment. 


Figure  34 
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Figure  34.  Regulation  of  estrogen  responsive  genes  in  tumor  xenografts  (MCF7:5C)  by  E2  after  2  hrs  and  6 
hrs  versus  vehicle.  Data  presented  in  folds  of  induction  of  transcription  of  mRNA  for  cMYC  and  Cyclin  Dl  gene 
over  vehicle  level. 


Analysis  of  E2 -induced  phosphotyrosine  protein  complexes  in  MCF7:5C  tumor  xenograft. 

The  rest  of  tumor  xenografts  were  lysed  in  NP-40  lysis  buffer  (50  mM  Tris,  pH  8.0,  150 
mM  NaCl,  40  mM  b-glycerophosphate,  0.25%  sodium  deoxycholate,  1%  NP-40,  50  mM  sodium 
fluoride,  20  mM  sodium  pyrophosphate,  1  mM  EGTA,  1  mM  sodium  orthovanadate,  and 
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lOul/ml  phosphate  inhibitor  cocktail  1,  (Sigma)  using  abrasive  Green  Beads  in  MagNa  Lyser 
homogenizer  according  to  the  manufacturer’s  protocol. 

We  performed  phosphotyrosine  specific  immunoprecipitation  of  lysates  from  untreated 
and  E2  treated  (2h  and  6h)  tumor  xenografts  followed  by  resolving  on  precipitated  proteins  on 
SDS-PAGE  (Fig.  35).  The  lysates  were  precleared  with  30ul  of  Protein  A  agarose  beads  for  Ih, 
4C  on  a  rocking  platform  and  the  required  amount  of  protein  (3mg)  was  combined  with  4G10- 
conjugated  or  corresponding  antibodies  as  described  previously  (40).  EFnconjugated  antibodies 
were  precipitated  with  protein  G  beads  (Roche).  Immunocomplexes  were  washed  5  times  with 
0.5  %  NP -40/PBS,  boiled  in  LDS-sample  buffer,  and  resolved  on  SDS-PAGE  (Nupage, 
Invitrogen). 

Coomassie  Blue  staining  of  SDS-PAGE  showed  strongest  accumulation  of 
phosphotyrosine  associated  proteins  after  2h  (Fig.  35,  second  lane  in  stained  gel),  whereas  the  6h 
fraction  quenched  to  almost  a  quiescent  stage  (like  vehicle-only).  Therefore,  for  further  study  we 
chose  2h  xenograft  tumor  for  MS  analysis.  All  differential  and  enhanced  bands  of  lane  with  2h 
E2  pull-down  were  excised  together  with  the  corresponding  region  of  the  adjacent  lane  of 
vehicle-treated  tumors  (vehicle  only).  Locations  of  excised  bands  together  with  corresponding 
regions  in  a  gel  of  the  vehicle-only  pull-down  are  depicted  on  Fig.  35. 

The  corresponding  bands  were  cut  out,  cysteines  were  reduced  with  DTT,  followed  by 
alkylation  with  iodoacetamide.  In-gel  digestion  was  performed  overnight  by  trypsin  enzymes. 
Peptide  mixtures  were  fractionated  using  a  reversed  phase  column  BEH  CIS  column  (1.7  pm,  75 
pm  X  150  mm.  Waters),  on  nanoUPLC  Acquity  (Waters)  with  buffer  A  (2%  acetonitrile,  0.1% 
formic  acid)  and  buffer  B  (98%  acetonitrile,  0.1%  formic  acid).  Triptic  peptides  were  eluted 
over  30  min  linear  gradient  of  0-60%  of  the  solvent  B  with  300  nl/min  flow  rate.  The  nanoUPLC 
instrument  was  coupled  to  QSTAR  Elite  QTof  (quadrupole/time-of-flight)  for  regular  LC-ESI- 
MS  and  Information  Dependent  Acquisition  (IDA)  or  to  4000QTRAP  hybrid  triple 
quadrupole/linear  ion  trap  mass  spectrometers  for  MRM-initiated  detection  and  sequencing 
(MIDAS).  Both  instruments  were  equipped  with  NanoSpray  II  ionsource  (Applied  Biosystems, 
Framingham,  MA).  MS/MS  fragment  ion  data  were  searched  against  a  human  database  using  the 
Mascot  algorithm  (Matrix  Sciences,  London,  UK)  and  Paragon  algorithm  in  ProteinPilot  3.0 
software  (AB  Sciex)  with  mass  tolerance  for  precursor  ions  0.02  Da,  fragment  ion  tolerance  0.2 
Da,  one  miss  cleavage,  carboxymethylation  as  fixed  modification  for  cysteine,  and  several 
variable  modifications  such  as  oxidation  for  methionine  and  phosphorylation  for  serine, 
threonine  and  tyrosine. 

All  proteins  with  highest  coverage  and  score  assigned  by  ProteinPilot  database  search 
software  and  at  least  4  detected  peptides  were  grouped  in  a  table  by  the  position  of  bands,  where 
they  were  detected.  Proteins  from  adjacent  bands  of  unstimulated  tumors  (vehicle  treated)  were 
subtracted  from  a  group  of  E2-inducible  proteins.  Data  are  presented  in  a  table  together  with  a 
probability  score,  which  was  assigned  by  ProteinPilot,  total  coverage  of  proteins  with  the 
numbers  of  detected  peptides,  accession  number  of  corresponding  proteins  and  position  of 
corresponding  bands  where  proteins  were  detected.  In  addition,  positions  of  excised  bands 
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together  with  matching  regions  in  the  gel  of  the  vehicle-only  pull-down  are  depicted  on  the  gel 
image  (Figure  35). 

Figure  35 

M  Veh  2h  E2  6h  E2  Estrogen 


Figure  35.  LC-MS  analysis  of  anti-phosphotyrosine  (anti-pY)  pulled  down  proteins  from  E2-treated 
MCF7:5C  tumor  xenografts.  Representative  stained  gels  for  phosphotyrosine  proteome  analysis.  Protein  extracts 
from  E2  or  vehicle  treated  MCF-7:5C  tumors  were  immunoprecipitated  with  4G10  anti-pY  conjugated  antibody.  All 
differential  and  enhanced  bands  were  excised  from  gels  together  with  the  corresponding  band  in  the  vehicle-only 
pull  down  and  analyzed  by  LC-MS.  Dominant  proteins  in  each  band  of  the  ligand-  stimulated  lane  of  the  gel  are 
indicated.  Proteins  in  the  corresponding  band  from  the  vehicle-only  lane  were  subtracted.  The  full  list  of  proteins  is 
shown  in  Table  3. 


Overall,  we  identified  46  proteins  (Table  3).  Among  them  are  15  mitochondrial  proteins. 
One  group  of  these  mitochondrial  proteins,  the  voltage-dependent  anion-selective  channel 
proteins  (VDACs),  ADP/ATP  translocases  (ANTs),  and  U-type  mitochondrial  creatine  kinase 
(uMtCK),  forms  a  Permeability  Transition  Pore  (PTP)  complex  which  regulates  ADP/ATP 
exchange  between  the  mitochondrial  matrix  and  the  cytoplasm  (see  cartoon  in  Fig.  36).  The 
functional  status  of  PTP  plays  an  important  role  in  the  initiation  of  apoptosis  and  controls  the 
permeability  of  the  inner  mitochondrial  matrix.  Other  proteins,  found  in  this  experiment,  like 
mitochondrial  prohibitins  or  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH),  interact  with 
a  different  component  of  PTP  complex  (Table  3). 
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Table  3 


Score 

% 

Cov 

Accession  # 

Name 

Peptides 

Band 

36.12 

83.8 

sp|P35232|PHB_HUMAN 

Prohibitin 

30 

1 

20.79 

40.6 

sp|P05 141  |ADT2_HUMAN 

ADP/ATP  translocase  2  (ANT2) 

11 

1 

18.79 

38.6 

sp|P12236|ADT3_HUMAN 

ADP/ATP  translocase  3  (ANT3) 

10 

1 

10.97 

28.2 

sp|Q00325  IMPCPHUMAN 

Phosphate  carrier  protein,  mitochondrial 

7 

1 

10.26 

26.1 

sp|Q02978|M2OM_HUMAN 

Mitochondrial  2-oxoglutarate/malate 
carrier  protein 

5 

1 

8.85 

31.3 

sp  IQ9P0L0 1 VAP  AHUM  AN 

Vesicle-associated  membrane  protein- 
associated  protein  A 

5 

1 

8.62 

33.9 

sp  IQ  1 4 1 65 IMLECHUM  AN 

Malectin 

4 

1 

7.66 

22.8 

sp|Q9Y6C9|MTCH2_HUMAN 

Mitochondrial  carrier  homolog  2 

4 

1 

34.08 

81.3 

sp|P2 1 796|VDAC  IHUMAN 

Voltage-dependent  anion-selective  channel 
protein  1  (VDACl) 

32 

2 

29.54 

69.2 

sp|Q99623  |PHB2_HUMAN 

Prohibitin-2  (PHB2) 

28 

2 

22.45 

60.2 

sp|P45880|VDAC2_HUMAN 

Voltage-dependent  anion-selective  channel 
protein  2  (VDAC2) 

17 

2 

15.71 

52.2 

sp|Q15006|TTC35_HUMAN 

Tetratricopeptide  repeat  protein  35 

7 

2 

11.74 

24.9 

sp|Q9NWS8  |RMND  1  HUMAN 

Required  for  meiotic  nuclear  division  protein  1 
homolog 

6 

2 

11.7 

37.2 

sp|P63244|GBLP_HUMAN 

Guanine  nucleotide-binding  protein  subunit 
beta-2 -like  1 

6 

2 

10.41 

26.2 

sp|Q9P035|HACD3_HUMAN 

3-hydroxyacyl-CoA  dehydratase 

5 

2 

10.12 

36.8 

sp|Q96AG4|LRC59_HUMAN 

Leucine-rich  repeat-containing  protein  59 

5 

2 

4 

29.7 

sp|Q9Y277|VDAC3_HUMAN 

Voltage-dependent  anion-selective  channel 
protein  3  (VDAC3) 

4 

2 

23.09 

59.7 

sp|P04406|G3P_HUMAN 

Glyceraldehyde-3-phosphate 
dehydrogenase  (GAPDH) 

25 

3 

17.1 

56.2 

sp|Q99623  |PHB2_HUMAN 

Prohibitin-2  (PHB2) 

8 

3 

12.1 

31.4 

sp|P22626|ROA2_HUMAN 

Heterogeneous  nuclear  ribonucleoproteins 
A2/B1 

6 

3 

11.24 

28.8 

sp  |P079 1 0 IHNRPCHUM  AN 

Heterogeneous  nuclear  ribonucleoproteins 
C1/C2 

6 

3 

16 

31.6 

sp 1094905  |ERLN2_HUMAN 

Erlin-2  (ER  lipid  raft  protein) 

9 

4 

11.07 

30.8 

sp|096008|TOM40_HUMAN 

Mitochondrial  import  receptor  subunit 

7 

4 
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TOM40  homolog 

8 

15.1 

sp|P5 1 99 1  |ROA3_HUMAN 

Heterogeneous  nuelear  ribonueleoprotein  A3 

5 

4 

26 

53.5 

sp|P39656|OST48_HUMAN 

Doliehyl-diphosphooligosaeeharide-protein 
glyeosyltransferase  48  kDa 

21 

5 

19.52 

41.3 

sp|Q  1 2905  |1LF2_HUMAN 

Interleukin  enhaneer-binding  faetor  2 

10 

5 

10.4 

27.2 

sp  IP24752 ITHILHUM  AN 

Acetyl-CoA  acetyltransferase, 
mitochondrial 

5 

5 

8.52 

30.7 

sp  IQ9HCU5 IPREBHUM  AN 

Prolaetin  regulatory  element-binding  protein 

4 

5 

6 

28.8 

sp  |P  1 2532 IKCRUHUMAN 

Creatine  kinase  U-type,  mitochondrial 
(uMtCK) 

4 

5 

23.65 

29 

splQ  1 689 1  IlMMTHUMAN 

Mitochondrial  inner  membrane  protein 

11 

6 

17.17 

23 

sp|P02786|TFRl_HUMAN 

Transferrin  reeeptor  protein  1 

8 

6 

16.1 

20.2 

sp  |P  1 66 1 5 1 AT2  A2_HUMAN 

Sareoplasmie/endoplasmie  retieulum  ealeium 
ATPase  2 

9 

6 

16.07 

16.7 

sp|P23246|SFPQ_HUMAN 

Splieing  faetor,  proline-  and  glutamine-rieh 

8 

6 

15.68 

27.2 

sp  |P0 823  8  |HS90B_HUM  AN 

Heat  shoek  protein  HSP  90 -beta 

6 

6 

9.15 

9.5 

sp  IP05023 1 AT  1 A1  HUMAN 

Sodium/potassium-transporting  ATPase 
subunit  alpha- 1 

4 

6 

7.62 

8.2 

sp|Q9NR30|DDX2  IHUMAN 

Nueleolar  RNA  heliease  2 

4 

6 

7.3 

8 

sp|Q13724|MOGS_HUMAN 

Mannosyl-oligosaeeharide  glueosidase 

4 

6 

12.34 

16.7 

sp|P07900|HS90A_HUMAN 

Heat  shoek  protein  HSP  90 -alpha 

5 

6 

7.98 

15.1 

sp|014983|AT2Al_HUMAN 

Sareoplasmie/endoplasmie  retieulum  ealeium 
ATPase  1 

6 

6 

51.47 

46.1 

sp|Q8N766|K0090_HUMAN 

Uneharaeterized  protein  KIAA0090 

28 

7 

18.8 

21.9 

sp  IQ022 1 8  |ODO  1  HUMAN 

2-oxoglutarate  dehydrogenase, 
mitochondrial 

9 

7 

13.06 

23.2 

sp|Q8N766|K0090_HUMAN 

Uneharaeterized  protein  KIAA0090 

5 

8 

12.36 

12.1 

sp|Q9Y6K5  |OAS3_HUMAN 

2'-5'-oligoadenylate  synthase  3 

6 

8 

10.1 

7.7 

sp|Q0821 1  |DHX9_HUMAN 

ATP-dependent  RNA  heliease  A 

5 

8 

64.18 

38.5 

sp|Q00610|CLHl_HUMAN 

Clathrin  heavy  ehain  1 

31 

9 

14.42 

30.7 

sp|P2 1 8 1 0|PGS  IHUMAN 

Biglyean 

7 

9 

Table  3.  E2-inducible  phosphotyrosine-associated  proteins  (pY-proteome)  in  MCF7:5C  tumor  xenografts. 

Proteins  were  pulled  down  as  phosphotyrosine  associated  complexes  from  lysates  of  the  xenograft  tumors  of 
estrogen  treated  mice  (2h  after  estrogen  injection).  Precipitated  proteins  were  resolved  on  SDS-PAGE  (Fig.  35)  and 
analyzed  with  LC-MS.  Positions  of  excised  bands  together  with  corresponding  region  in  a  the  gel  of  the  vehicle - 
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only  pulldown  are  depicted  in  Fig.  35.  All  proteins  with  highest  score  assigned  by  ProteinPilot  and  at  least  4 
detected  peptides  were  grouped  by  corresponding  bands  of  the  gel  where  they  were  detected.  Proteins  from  adjacent 
bands  of  vehicle  treated  tumors  were  subtracted  from  the  group  of  E2-induced  proteins.  Most  dominant  proteins  in 
each  band  of  ligand-stimulated  sample  are  indicated  in  Fig.  35.  There  are  15  mitochondrial  proteins  (out  of  46 
detected  proteins).  Groups  of  these  mitochondrial  proteins  (VDACs,  ANTs  and  uMtCK)  form  the  Permeability 
Transition  Pore  (PTP)  complex  which  regulates  energy  flux  and  play  an  important  role  in  initiating  apoptosis.  Other 
proteins  like  mitochondrial  Prohibitins  or  GAPDH  interact  with  different  components  of  the  PTP  complex.  Score: 
Probability  score,  assigned  by  ProteinPilot;  %Cov:  Total  coverage  of  protein  with  detected  peptides;  Accession  #: 
Accession  number  of  corresponding  proteins.  In  bold:  mitochondrial  proteins. 

Figure  36 


Figure  36.  Functional  and  spatial  association  of  the  proteins  detected  in  the  E2-induced  phosphotyrosine 
associated  complexes  in  MCF7:5C  tumors.  Two  blue  lines  represent  outer  (OMM)  and  inner  (IMM) 
mitochondrial  membranes.  The  main  components  of  the  permeability  transition  pore  (PTP)  are  the  VDACl/2  and 
ANT,  which  are  attached  to  OMM  and  IMM,  respectively.  Mitochondrial  creatinine  kinase  uMtCK  in  the 
intermembrane  space  ties  VDACl/2  and  ANT  together  forming  pore  complex  as  well  as  providing  a  link  to  the  PHB 
complex.  The  PHB  complex  promotes  assembly  of  protein  subunits  of  mitochondrial  respiratory  chain  and  together 
with  mitofilin  stabilize  cristae  structure  of  IMM,  which  contains  cytochrome  c.  During  an  apoptotic  signal,  the  PTP 
permeability  increases  lead  to  osmotic  swelling  of  the  mitochondrial  matrix  and  releasing  of  the  apoptogenic 
proteins  from  intercristal  space.  Estrogen  (red  star)  induces  translocation  of  PHB  proteins  into  nucleus  (blue  arrow) 
forming  a  complex  with  estrogen  receptor  alpha  and  AIB 1  where  PHB  1  or  PHB2  can  provide  a  repression  function 
of  estrogen-induced  transcription  regulation.  Green  line-  nuclear  membrane.  The  full  list  of  proteins  detected  and 
their  acronyms  are  listed  in  Table  3. 

In  our  previous  in  vitro  proteomics  study  of  wild-type  MCF-7  and  MCF7:5C  eells  (40), 
we  identified  AIBl  as  interaeting  partner  of  both,  prohibitin  1  (PHBl)  and  prohibitin  2  (PHBl) 
proteins,  whieh  are  shown  to  be  potential  transeription  repressors  of  ERa.  Prohibitin  2  or  REA 
(repressor  of  estrogen  reeeptor  aetivity)  was  initially  found  as  an  ERa  binding  protein  and 
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repressor.  PHBl  was  identified  as  a  potential  cell  cycle  inhibitor  which  binds  p53,  pRb  and  E2F1 
proteins. 

In  order  to  confirm  the  MS  findings,  corresponding  tumor  lysates  were  subjected  to  anti- 
phospho-tyrosine  pulldown  followed  by  anti-PHB2  western  blot  (Fig.  37).  In  accordance  with 
MS  finding,  we  detected  Prohibitin  2  only  2h  after  E2  injection  and  it  was  also  undetectable  after 
6h  of  E2. 

As  shown  before,  PHBs  can  interact  with  ERa  and  PHB2  (REA)  can  modulate  ERa 
activity  by  dissociating  AIBl  from  transcription  complex.  (41)  To  this  end,  we  performed  pull¬ 
down  of  ERa  and  AIBl  followed  by  western  blot  with  corresponding  antibodies  for  ERa,  AIBl, 
PHBl,  REA,  and  VDACl/2.  Surprisingly,  we  found  both  of  PHBs  and  VDACl/2 
coimmunoprecipitated  with  AIBl  in  xenograft  tumors  after  2h  of  E2-treatment.  The  ERa  pull¬ 
down  result  suggests  that  some  of  PHBs  constitutively  associated  with  the  ERa  protein  (Fig.  37). 
Total  level  of  any  of  these  proteins  did  not  change  between  any  treatment  conditions  (Fig.  37, 
bottom). 


Figure  37 
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Figure  37.  Western  blot  validation  of  MS  data.  Anti-PHB2  antibody  recognize  PHB2  in  anti-pY  IP  from  tumor 
lysate  after  estrogen  treatment  (top).  PHB2  and  PHBl  proteins  associated  with  AIBl  complex  (AIBl  IP,  top/middle) 
only  in  tumors,  harvested  after  2h  of  estrogen  treatment.  PHB2  stably  associated  with  fraction  of  anti -ERa  pull¬ 
down  proteins.  Bottom:  Western  blots  of  total  tumor  extract  (from  tumors  of  vehicle,  2h  and  6h  E2  treatment).  Total 
levels  of  PHB  proteins  are  not  regulated  by  estrogen  as  indicated  in  western  blot  of  total  tumor  lysate. 
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Analysis  of  novel  phosphorylation  sites  of  immunopurified  PHBs. 

Dynamic  recruitment  of  PHBs  to  phosphotyrosine  complexes  suggests  that  this 
interaction  is  regulated  through  post-translation  modification  (PTMs)  and  at  least  one  of  PHBs 
proteins  contain  phosphotyrosine  residues.  We  decided  to  interrogate  all  potential  sites  of 
phosphorylation  using  a  combination  of  proteomics  approaches.  Initial  conventional  proteomics 
analysis  (LC-MS  with  IDA  algorithm)  did  not  reveal  any  PTMs  with  reliable  confidence.  Using 
targeted  proteomics  approach  (MIDAS-MS),  we  performed  a  survey  of  all  potential  phospho- 
modification  of  serine,  threonine  and  tyrosine  residues  of  total  pulldown  of  the  PHB2  protein,  the 
coimmunoprecipitated  PHBl  and  a  fraction  of  them  that  coimmunoprecipitated  with  the  AIBl 
protein. 

We  performed  a  pull-down  of  PHB2  and  AIBl  with  protein  specific  antibodies  from 
tumor  lysates  from  animals  with  vehicle  and  2h  of  estrogen  treatment.  The  area  of  the  gel  that 
corresponds  to  the  predicted  mobility  of  both  PHBs  was  excised  from  top  to  the  bottom  in 
several  slices  and  analyzed  with  LC-MS  for  protein  identification.  As  was  mentioned  above, 
PHBs  were  found  coprecipitated  with  AIBl  only  from  2h  estrogen-treated  tumor  lysate  (Fig.  35). 
As  these  proteins  form  stable  heterodimers,  the  PHBl  protein  was  co-immunoprecipitated  with 
the  PHB2  antibody  from  both  E2  and  vehicle  treated  lysates. 

Using  MIDAS-MS,  we  identified  three  novel  PTMs  with  high  confidence  (ion  score 
above  identity  threshold  using  Mascot  database  search  algorithm).  Two  of  them,  threonine  and 
serine,  correspond  to  positions  Thre-108  and  Ser-227  of  the  PHBl  protein  (Fig.  38).  We 
determined  a  novel  phosphotyrosine  modification  of  PHB2  at  position  Tyr-272  (Fig.  38). 
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Figure  38 
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and  corresponding  tandem  MS  fragmentation  spectra.  Scheme  legend:  MTS-  mitochondria  targeting  sequence, 
TM-  transmembrane  domain,  CCD-  coil-coiled  domain.  PHB  (or  SPFH)  domains  corresponds  to  sequence  region 
between  positions  26-187  and  39-201  amino  acid  residues  of  PHB  1  and  PHB2  respectively.  Tandem  MS  spectra  of 
phosphorylated  peptides  with  b-type  and  y-type  ions,  including  neutral  loss  ions  of  phosphoric  acid  in  positive  ion 
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mode  of  MS/MS  using  Collision  Induced  Dissociation  are  indicated  as  [-H3PO4]  for  neutral  loss  of  98  Da,  and  [- 
HPO3]  for  neutral  loss  of  80  Da.  These  characteristic  ions  were  observed  only  for  peptides  containing 
phosphorylated  serine  and  threonine.  In  addition  to  neutral  loss  of  phosphoric  acid,  some  of  the  product  ions  labeled 
in  this  spectrum  had  masses  that  were  17  Da  and  18  Da  lower  than  the  actual  masses  due  to  the  neutral  loss  of  NH3 
and  H2O  respectively.  The  product  ion  peaks  (mostly  y  series  and  some  of  b  series)  that  were  most  diagnostic  of  the 
phosphorylation  sites  are  indicated  along  with  the  sequence  of  the  peptide.  A.  Left  spectrum:  Tandem  MS  spectrum 
of  IF(phosl08)TSIGEDYDER  peptide  corresponding  to  position  106-117  aa  of  PHBl  protein  (precursor  ion  with 
m/z  722.8  and  charge  state  [+2HJ2+).  CID  fragmentation  produced  neutral  loss  (-98  Da)  on  phosphorylated 
threonine  residues.  Spectrum  have  strong  y  series  ions  with  no  NL  up  to  y9  indication  that  no  phosphorylation  on  S 
and  Y  amino  acids.  NLs  on  h3,  ylO  and  yll  suggest  phosphorylation  on  T108.  The  database  search  with  Mascot 
algorithm  gives  a  score  of  55  (a  score  above  27  indicates  identity).  Right  spectrum:  CID  fragmentation  spectrum  of 
AAELIAN(phos227)SLATAGDGLIELR  tryptic  peptide  of  PHBl  protein  at  position  220-239  aa  (precursor  ion  with 
m/z  693.4;  [+3HJ3+).  Mascot:  42  (>27  indicates  identity).  There  are  no  neutral  losses  (-98  Da)  on  ions  ylO  and  yl  1 
containing  unphosphorylated  threonine,  whereas  [b8-H3P04]  ion  mapped  position  of  modification  to  S227.  B. 
MS/MS  spectrum  of  precursor  ion  at  m/z  769  of  triple  charged  triptic  peptide 
I(phos272)YLTAD]SrLVLNLQDESFTR  of  PHB2  protein  at  position  272-289.  Mascot  score:  34  (>27  indicates 
identity).  Strong  y  ion  series  (with  tolerance  up  to  0.18  Da)  eliminates  ambiguities  with  phosphorylation  on 
positions  S286  and  T288.  There  are  much  less  b-  ions,  probably  due  to  internal  fragmentation.  The  by-ions  of 
unphosphorylated  internal  fragments  (like  LTADNLVLN  and  TADNLVLNQ)  eliminate  a  possibility  of  phospho- 
moiety  on  T274  and  point  toward  phosphorylation  on  Y272. 

Determination  of  phosphorylation  stoichiometry  of  novel  estrogen-induced 
phosphopeptides. 

To  gain  more  understanding  of  how  these  phosphorylation  sites  are  regulated  by 
estrogen,  we  used  MRM-MS  based  quantitation.  The  list  of  transitions  used  for  quantification 
and  triggering  MS/MS  is  presented  in  Fig.  39).  Peaks  were  integrated  using  quantification 
software  MaltiQuant  2.1  (AB  Sciex,  Framingham,  MA).  An  abundance  of  phosphorylated 
peptides  is  determined  from  the  shape  of  their  fragment  peaks  in  corresponding  MRM  using  the 
area  under  the  curve  to  generate  the  signal  relative  to  the  related,  unmodified  peptide  (42,  43).  As 
an  additional  control,  we  used  tryptic  peptides  from  the  same  protein  as  an  internal  standard. 
This  method  has  been  described  as  the  “native  reference  peptide”  (43).  The  internal  standard 
peptide  contained  no  potentially  modified  residues  as  a  result  of  PTMs  or  sample  preparation 
modifications  (such  as  cysteines  and  methionines)  and  no  indication  of  missed  cleavage.  The  use 
of  internal  standards  (related  unmodified  peptide,  or  “native  reference  peptide”)  is  required  to 
compensate  for  a  difference  due  to  variation  in  input  material,  recovery  or  instrument  response. 
Data  of  ligand-stimulated  signals  were  compared  to  corresponding  signals  from  an  unstimulated 
experiment  and  presented  in  the  graph  as  folds  on  induction. 

We  found  that  two  novel  PTMs  are  estrogen  inducible  (at  least  two-fold,  as  compared  to 
vehicle-only  tumors).  We  observed  enrichment  of  phospho-PTMs  in  fraction  of  PHBs  associated 
with  estrogen  induced  AIBl  complex  (Fig.  39).  Especially  striking  is  the  almost  3  times  larger 
recruitment  of  phos-Tyr-272  PHB2  to  the  AIBl  complex  versus  the  level  of  estrogen-stimulated 
phosphotyrosine  fraction  of  total  PHB2  (Fig.  39).  At  the  same  time,  we  observed  twice  more 
phos-Tyr-272  in  E2-treated  tumor  than  in  the  vehicle-only  PHBl. 
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Figure  39 
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Figure  39.  Quantitation  analysis  of  estrogen  induced  phosphomodiHcation  using  MRM-MS. 

A.  MRM  transitions  for  MRM-MS  analysis.  Modif  -  position  of  phosphorylation  in  corresponding  proteins  with 
respect  to  protein  and  peptide  sequence.  Q1  and  Q3-  m/z  settings  for  quadrupoles  in  QTAP4000  instrument  for 
registration  of  each  precursor/fragment  pairs.  Charge-  protoinated  state  of  precursors,  fragment-  y-type  (carboxyl) 
fragment  detected  in  the  MRM. 

B.  Top  row-  extracted  ion  chromatograms  (XIC)  of  representative  MRMs  of  phosphorylated  peptides,  used  for  the 
quantitation  in  this  study.  Data  were  normalized  to  corresponding  unmodified  peptides  (XICs  of  MRMs  in  the 
second  row).  Normalization  was  validated  using  the  internal  peptide  from  the  corresponding  protein  as  an  internal 
standard. 
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Protein  kinase  prediction  of  phosphorylation  sites  by  motif/substrate  scanning  programs. 

Important  goals  for  the  future  are  to  identify  the  protein  kinases  responsible  for 
phosphorylating  of  PHB  proteins  in  vivo  and  to  determine  how  phosphorylation  at  each  site 
affects  the  functional  response  to  ligand  treatment.  To  determine  which  potential  protein  kinases 
could  be  responsible  for  phosphorylation  of  the  identified  phosphosites,  we  used  the  substrate 
prediction  program  PhosphoMotif-Finder  http://www.hprd.org/PhosphoMotif  finder  (44).  The 
sequences  of  PHB  proteins  were  used  to  identify  predicted  kinases  that  can  potentially 
phosphorylate  PHB  proteins.  The  PhosphoMotif-Finder  predicted  that  Tre-108  could  be 
phosphorylated  by  CHK1,PKC  or  by  family  of  calcium/calmodulin  (CaM)-dependent  protein 
kinases  (  CaMKII  or  CaMKIV).  The  prediction  for  Ser-227  are  G  protein-coupled  receptor 
kinase  1,  Casein  Kinase  I  and  II  (see  substrate  prediction  in  Table  4).  The  closest  kinase  motif  to 
Tyr-272  of  PHB2  is  X[D/E]pY[FL/V]  for  EGFR.  Other  web  resource  utilizing  artificial  neural 
network  based  prediction  the  NetPhosK  (45)  (http://www.bs.dtu.dk/services/NetPhosK)  assigns 
Tyr-272  to  EGFR  tyrosine  kinase  with  a  probability  of  0.5  (=  50%). 

Table  4 


phosTre-107  PHB 


103  -  108 

LPRIFT 

[M/l/L/V]X[R/K]XX[pS/pT] 

Chkl  kinase  substrate  motif 

103  -  108 

LPRIFT 

[M/l/L/V/F/YlXRXX[pS/pTl 

Calmodulin-dependent  protein  kinase  IV  substrate  motif 

103  -  110 

LPRIFTSl 

[M/V/L/l/F]X[R/K]XX[pS/pT]XX 

Calmodulin-dependent  protein  kinase  11  substrate  motif 

105  -  108 

RIFT 

RXX[pS/pTl 

Calmodulin-dependent  protein  kinase  II  substrate  motif 

105  -  108 

RIFT 

[R/K]XX[pS/pT] 

PKC  kinase  substrate  motif 

Phos-Ser-227  PHB 


226  -231 

NSLATA 

X[pS/pT]XXX[A/P/S/T] 

G  protein-eoupled  reeeptor  kinase  1  substrate  motif 

227  -  230 

SLAT 

[pS/pT]XX[S/T] 

Casein  Kinase  I  substrate  motif 

227  -  230 

SLAT 

pSXX[E/pS*/pT*] 

Casein  Kinase  II  substrate  motif 

Table  4.  Computational  prediction  of  a  kinase  motives  or  substrates  for  novel  phosphosites  (details  in  the  text) 

Conclusions 

An  analysis  of  mRNA  expression  regulation  after  48  hrs  of  estradiol  treatment  of  MCF-7 
parental  and  MCF-7:5C  cells  was  published  recently  (9)  by  the  COE  group  and  shows  significant 
differences  with  respect  to  mRNA  expression  of  regulators  of  apoptosis  at  steady  state  (46):  In 
MCF-7  cells,  Bcl-2,  a  major  anti-apoptosis  gene,  is  upregulated  by  estradiol  treatment  whereas 
no  change  of  Bcl-2  was  seen  in  MCF-7:5C  cells. 

Overall  the  expression  analysis  and  proteomics  data  show  some  interesting  convergences 
especially  in  apoptotic  regulatory  pathways  which  may  be  functionally  relevant  as  initiators  of 
estradiol-induced  apoptosis. 

Previously,  we  characterized  MCF7:5C  cells  in  vitro  by  a  proteomics  and  informatics 
approach,  finding  significant  pathway  alterations  from  the  parental  cell  line  after  estrogen 
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stimulation  (40).  It  has  been  suggested  from  an  in  vitro  study  that  mitochondria  have  been 
significantly  involved  in  initiation  of  apoptosis  in  the  MCF7:5C  cells.  We  found  PHBl  as  one  of 
the  interacting  partners  of  AIBl  coactivator.  To  further  explore  these  findings,  we  used 
MCF7:5C  tumor  cells  in  a  xenograft  model  to  extend  our  knowledge  of  estrogen-induced 
apoptosis  in  vivo. 

Functional  quality  and  significance  of  an  interaction  of  PHBs  with  their  partners. 

Since  most  of  the  work  in  the  published  literature  was  performed  under  quite  artificial 
conditions  like  overexpressions  of  PHBs,  yeast-two  hybrid  system  etc,  one  of  the  arguments 
could  be  raised  about  „sticly^’  chaperons  rather  the  specific  interaction  with  partners  (47).  We 
show  that,  at  least  in  our  model,  PHBs  interaction  with  signal  proteins  is  dynamic,  regulated  by 
PTMs,  and  time-depended.  These  results  support  specificity  of  found  interactions. 

For  the  above  mentioned  reasons,  our  new  data  shed  light  on  the  previous  findings.  It  has 
been  described  that  in  breast  cancer  PHBl  interact  with  MLK2  (mixed  lineage  kinase  2,  belongs 
to  MAP3K  class  of  kinases  and  regulates  p38/JNK-signaling  pathway).  On  the  other  hand,  PHBl 
was  implicated  in  regulation  on  RAS-RAF  signaling  (48,  49).  Given  the  reported  Ser/Thre 
phosphorylation  sites  on  PHBl,  it  would  be  tempting  to  assess  functional  relevance  of  this 
interaction  with  regard  to  the  described  phosphorylations. 

Both  proteins  form  a  large  ring-like  complex,  anchored  to  the  inner  mitochondrial 
membrane  where  they  function  as  chaperones,  support  mitochondrial  integrity  and  physiology.  It 
was  noticed  that  elevated  level  of  the  PHB  proteins  often  correlate  with  mitochondrial 
dysfunction  and  could  be  used  as  markers  of  imbalance  of  the  respiratory  chain  (47).  Due  to  the 
compartmentalization  effect,  the  function  of  these  proteins  would  be  either  pro-growth/survival 
or  pro-apoptotic/negative  regulators  of  cell  cycle. 

It  was  proposed  that  an  increased  level  of  PHB  proteins  is  a  defense  mechanism  that  the 
cell  tries  to  implicate  in  response  to  misbalanced  proliferation.  This  idea  still  requires 
experimental  validation.  Mitochondrial  prohibitins  interact  with  ANTs  and  VDACs  proteins  and 
stabilize  the  Permeability  Transition  Pore  (PTP)  complex.  The  PTP  regulates  energy  flux  and 
plays  an  important  role  in  initiating  apoptosis. 

OST48  protein  and  DADl  (the  defender  against  apoptotic  cell  death  1) 

There  is  another  interesting  link  between  the  OST48  protein  and  DADl  (the  defender 
against  apoptotic  cell  death  1).  Both  proteins  are  believed  to  be  subunits  of  the 
oligosaccharyltransferase  complex.  The  loss  of  DADl  function  induces  apoptosis.  The  two- 
hybrid  systems  involving  DADl  as  bait  points  toward  the  Mcl-l  protein,  one  of  the  Bcl-2  family, 
as  a  candidate  for  interaction  (50). 

Mitochondrial  and  metabolic-  regulated  proteins. 

GAPDH  was  reported  to  accumulate  in  mitochondria  during  apoptosis,  and  induces  the 
pro-apoptotic  mitochondrial  membrane  permeabilization,  triggering  the  intrinsic  pathway  of 
apoptosis  (51).  This  paper  reported  an  association  of  GAPDH  with  VDAC  complex. 

Crosstalk  between  mitochondria  and  endoplasmatic  reticulum  (ER) 
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The  second  group  of  proteins  detected  in  our  mass  spectrometry  analysis  originated  from 
the  endoplasmatic  reticulum  (ER).  The  ER  plays  an  important  role  in  maintaining  the  cytosolic 
level  of  calcium  (52)  and  regulating  the  apoptotic  response  of  mitochondria.  Interestingly,  one 
ER  associated  protein  Erlin-2  (ER  lipid  raft  protein)  has  a  sequence  similarity  with  prohibitins 
and  fall  within  the  growing  family  of  prohibitin  domain-containing  (PHB)  proteins,  which 
includes  the  prohibitins,  the  stomatins  and  the  flotillins  (53,  54). 

Ariazi  et  al  conducted  gene  expression  study  of  estrogen  induced  apoptosis,  comparing 
MCF-7  cell  variants  that  were  estrogen-dependent  (WS8),  or  resistant  to  estrogen  deprivation 
(2A),  or  sensitive  (5C)  to  E2-stimulated  apoptosis.  They  found  significant  association  and 
overrepresentation  of  endoplasmic  reticulum  stress  (ERS)  genes  among  the  5C-specific  genes. 
This  link  indicated  that  E2  inhibited  protein  folding  and  translation  (9). 

Functional  relevance  of  novel  estrogen-induced  PTMs  of  PHBs  proteins. 

Despite  the  growing  body  of  evidence  linking  PHBs  to  the  estrogen-dependent  pathway, 
little  is  known  about  regulation  of  these  proteins  by  phosphorylation  in  this  context.  Evolutionary 
conservative  and  phylogenetically  very  ancient  proteins  suggest  tight  functional  regulation,  as 
well  as  by  PTMs.  For  example,  PHB  contains  only  4  tyrosine  residues  conserved  across  remote 
species  (from  human  to  drosophila)  and  even  some  have  homology  in  PHB2.  Probably  all  of 
them  are  regulated  by  phosphorylation  (55,  56).  Phosphorylation  of  PHB  at  Tyr-1 14  and  Tyr-259 
was  described  to  be  regulated  by  insulin/TR  (55,  56),  whereas  Thre-258  is  regulated  by  Akt  (57). 
Phosphospecific  databases  contain  information  about  additional  PTMs  of  PHBs  which  come 
from  proteomics  profiling  and  still  require  validation  and  assessment  of  functional  relevance. 

The  major  restriction  for  study  and  evaluation  of  novel  phosphorylation  sites  is  the 
availability  of  immunochemical  reagents,  such  as  phosphospecific  antibodies  for  Western 
blotting.  To  overcome  this  limitation,  we  implemented  an  assay  on  the  base  of  the  LC-MRM- 
MS  platform  to  enable  the  measurement  method. 

To  the  best  of  our  knowledge,  despite  a  number  of  publications  linking  PHBs  to  the 
estrogen-regulated  pathway,  there  are  no  data  describing  how  PHBs  are  regulated  by  post- 
translational  modifications. 


TASK  4:  (FCCC/Ariazi;  TGen/Cunliffe;  Jordan/GU)  -  To  analyze  Ei-induced  survival  and 
apoptotic  pathways  usine  gene  arrays  and  siRNAs. 

Task  4a:  (Cunliffe,Azorsa,  Balagurunathan)  -  Interrogate  pathways  of  endocrine  resistance 
using  high  throughput  RNA  interference  (HT-RNAi) 

Introduction: 

Here  we  report  work  completed  on  Task  4c  at  The  Translational  Genomics  Research 
Institute  (TGen)  site  during  year  5.  We  report  an  in  depth  analysis  of  the  two  replicate  high 
throughput  RNAi  Druggable  Genome  screens  resulting  in  a  prioritized  list  of  277  genes  (from 
7000  screened)  whose  inhibition  effectively  blocks  E2-induced  apoptosis  in  the  MCF7:5C  cell 
line  model.  Importantly,  these  277  genes  were  selected  not  only  due  to  their  functionally 
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predicted  protective  effect  of  E2-mediated  apoptosis  in  MCF7:5C,  but  they  were  additionally  not 
cytotoxic  to  MCF7:5C  cells  in  the  absence  of  E2  (gene  transcripts  whose  inhibition  is  cytotoxic 
with  or  without  a  pharmacological  agent  are  typically  referred  to  as  Achilles’  heel  targets). 

A  comprehensive  explanation  of  the  mathematical  approach  to  prioritize  the  candidate 
list  of  „E2-protective’  genes  was  provided  in  the  Year  4  final  report  (Dr.  Yoganand 
Balagurunathan).  Briefly,  data  were  analyzed  in  a  plate-wise  format  using  a  variety  of 
normalization  procedures  commonly  used  in  published  literature  for  RNAi  screening  data. 
Methods  included:  median  normalization,  median-polish,  B-score,  First  order  and  second  order 
regression.  For  a  detailed  description  of  methods  used,  please  refer  to  appended  document  by  Dr. 
Balagurunathan  (“A  process  model  to  evaluate  hit  rate  discovery”  presented  and  published  in 
association  with  the  2008  IEEE  Genomics  Signal  processing  and  statistics  (GENSiPS), 
conference;  see  #  19  in  Appendix). 

At  the  conclusion  of  Year  4,  our  laboratory  generated  additional  gene  expression 
microarray  data  to  specifically  to  compare  and  contrast  the  basal  levels  of  gene  expression  from 
wild  type  MCF7  cells  with  the  MCF7:5C  and  MCF7:2A  phase  II  endocrine  resistant  lines  in  the 
absence  of  E2.  This  information  is  currently  being  utilized  for  the  Jordan  laboratory,  however  has 
additionally  been  leveraged  in  Year  5  during  our  analysis  of  RNAi  screening  data  to  generate  a 
final  series  of  testable  hypotheses  to  define  the  mechanism(s)  by  which  E2  induces  apoptosis  in 
the  phase  II  resistant  models.We  present  a  discussion  of  several  leading  hypotheses, 
incorporating  relevant  supporting  RNAi  and  gene  expression  data. 

Finally,  we  present  formal  RNAi-based  validation  of  the  requirement  for  ESRl  in 
mediating  E2-induced  apoptosis  in  MCF7:5C  cells  utilizing  the  Flexi-plate  screening  format  first 
described  in  the  Year  4  report.  This  data  is  entirely  consistent  with  data  previously  generated  by 
the  Jordan  laboratory  to  show  that  inhibition  of  ESRl  function  inhibits  E2-induced  apoptosis  in 
MCF7:5C.  Importantly,  this  data  highlights  the  robustness  of  this  approach  in  validating 
additional  candidate  , hits’  generated  in  the  HT-RNAi  screens. 

Work  Accomplished:  -  Task  4c,  Year  4. 

HT-siRNA  Screen  of  estrogen  deprivation-resistant  MCF-7:5C  cells 
(Heather  Cunliffe,  PhD, David  Azorsa,  PhD  andYoganand  Balagurunathan) 

As  described  in  the  Year  4  report,  replicate  RNAi  screens  were  performed  on  MCF7:5C 
cells  in  the  presence  and  absence  of  InM  17-beta  estradiol  utilizing  a  strict  series  of  transfection 
conditions  previously  optimized  for  this  cell  line  by  the  Azorsa  laboratory.  A  scatterplot  of  the 
data  for  the  first  druggable  genome  screen  is  shown  in  Fig.  40. 
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Figure  40 


Viability  Ratios  of  E2  and  Vehicle  Treated  Data: 
Druggable  Genome  Screen  1 


Figure  40.  Normalized  ratios  for  siRNA  DG  screen  1  in  MCF7:5C  cells.  15,000 

siRNA  hits  representing  7000  genes.  Plotted  ratios  (E2-treated  vs  Vehicle  control) 
that  meet  the  45  degree  axis  are  those  protective  of  E2-apoptosis  in  this  screen. 
Genes  in  the  lower  right  quadrant  are  not  protective  of  E2-mediated  apoptosis. 
Several  candidate  hits  were  >90  percent  effective  in  blocking  E2-induced  apoptosis 
and  are  currently  being  investigated. 


Vehicle-Treated 


Candidate  hit  identification  from  replicate  RNAi-  Druggable  genome  (DG)  screens 
(Heather  Cunliffe,  PhD  and  Yoganand  Balagurunathan) 

17,284  data  points  were  observed  from  a  total  of  forty  five  384-well  plates  following 
completion  of  both  Druggable  Genome  (DG)  screens.  This  included  64  controls  per  plate  as 
follows: 

•  32  Reference  wells  (containing  cells,  media,  no  siRNA,  no  vehicle,  no  E2) 

•  8  Blank  wells  (media,  no  cells,  no  siRNA) 

•  8  Scrambled  Control  wells  (negative  control  scrambled  siRNA) 

•  8  GFP  Control  wells  (GFP  siRNA  negative  control) 

•  UBBsl  wells  (positive  lethal  control  siRNA). 

Data  normalization  procedures  were  performed  as  described  in  detail  in  the  Year  4  report 
and  in  the  appended  document  authored  by  Dr.  Balagurunathan.  This  included  6  levels  of  data 
normalization:  standard  normalization,  median  normalization,  median-polish,  B  score  and 
regression  (E*  &  2"‘*  order).  After  standardization  of  the  data,  the  system  variability  was 
measured  by  taking  the  difference  between  E2  treated  and  untreated  for  the  control  probes 
(Reference  and  Blank  Probes).  The  inherent  variability  of  the  controls  was  applied  to  the  rest  of 
the  probes  after  appropriate  level  shift  in  significance  (1^,  2(^  or  3Q.  Any  probes  that  were  above 
the  set  limits  were  marked  as  candidate  ‘hits’  as  they  are  statistically  significantly  associated  (at 
a  user-defined  threshold)  with  protection  of  E2-mediated  apoptosis  in  the  MCF7:5C  cells.  We 
chose  1^  as  our  level  of  significance  for  subsequent  analyses. 

Following  data  normalization  to  define  siRNA  probes  that  were  not  cytotoxic  and  yielded 
a  cell  viability  measure  in  the  presence  of  E2  within  the  defined  significance  threshold,  we 
derived  a  final  list  of  289  candidate  hits  representing  277  individual  genes.  Of  those  277  genes, 
SOgenes  met  12/12  normalization  flags  (passed  all  6  levels  of  normalization  in  each  RNA 
screen),  99  genes  met  11/12  normalization  flags  and  128  genes  met  10/12  flags.  All  289  genes 
are  reported  in  Table  5  including  genes  with  two  siRNA  hits  identified  (there  are  2  siRNAs/gene 
in  the  DG  series).  In  addition  to  the  ADIPOQ  gene,  which  is  represented  by  2  gene  specific 
siRNAs  printed  multiple  times  in  this  DG  screen  series,  there  were  4  genes  where  both  gene¬ 
targeting  siRNAs  resulted  in  protection  of  E2-induced  apoptosis.  These  were  MED14,  FZD8, 
GRIPl  and  KIF3A.  It  is  important  to  note  that  all  candidate  hits  require  functional  validation 
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with  additional  gene-targeting  siRNAs  (typically  4  siRNAs  per  gene  target),  however  analysis  of 
the  combined  functional  contexts  of  this  candidate  list  is  sufficient  to  provide  new  insight  into 
coordinately-deregulated  mechanisms  likely  to  be  associated  with  the  E2-induced  apoptotic 
phenotype.  These  insights  will  be  discussed  further  in  this  report. 


Table  5 


12/12  Normalization  flags 

11/12  Normalization  flags 

10/12  Normalization  flags 

ADIPOQ 

LIMK1 

MARCH2 

FSHR 

MDM2 

RXRA 

ACACA 

EDARADD 

KIF3A 

PLA2G12A 

SLC25A43 

ADIPOQ 

LPHN1 

ADIPOQ 

FZD8 

MECP2 

SFTPB 

ADIPOQ 

EFNA2 

KIF3A 

PMAIP1 

SPARCL1 

ADIPOQ 

MED12 

ADIPOQ 

GADD45B 

MED14 

SLC2A4 

ADCY6 

ERCC1 

LPO 

PPM1E 

SQRDL 

ADIPOQ 

MED14 

ADIPOQ 

GALNS 

NEDD4L 

SLC39A6 

ADH6 

ESRRA 

LRAT 

PRDX2 

SSR1 

ADAMDEC1 

MUC17 

ACTN1 

GDF9 

NTRK1 

SLC5A5 

ARHGDIA 

EXT2 

LRP4 

PR0P1 

STK11 

AMACR 

0R6W1P 

ANG 

GH2 

0DZ3 

SLC6A7 

ARNTL 

FBN1 

LTA 

PRSS37 

STK25 

ARNT2 

OR7D4 

APRT 

GLP2R 

0LFM1 

SMO 

ASB15 

FSHB 

LYZ 

PSMB7 

SYNGAP1 

BEAR 

OR7E5P 

C9orf32 

GPR161 

0PRL1 

SNAI2 

ASCL1 

FZD8 

MAML2 

PSMC3 

TG 

BMP7 

OR8G2 

CA5B 

GPR173 

OR2D2 

SPR 

ATP6V1A 

GPR172B 

MED16 

PSMC5 

TGFBI 

CRYGD 

PAPSS1 

CASQ2 

GPR182 

OR5L2 

SQRDL 

B2M 

GPR175 

MLL2 

PTGIR 

TNFAIP1 

DEF6 

PLEK 

CD300LG 

GPR37L1 

0XGR1 

TBP 

BCL2L10 

GPR82 

MNAT1 

PVRL2 

TNFRSF18 

EMR2 

PLXNB3 

CD79A 

GPR77 

PAPPA 

TBX5 

BCL2L2 

GPR89 

M0CS2 

RBCK1 

TNP03 

ESR1 

PPIL2 

CETN2 

GPX6 

PDE6G 

TMPRSS12 

BPIFB1 

GRB7 

MPP2 

RDH8 

TOMM20L 

FAM53B 

PRPF6 

CISH 

GRM1 

PHF23 

TMPRSS7 

BUB1B 

GRCA 

MRC2 

RGS20 

TSHR 

EGA 

PRSS3 

C0PB2 

GTF2H2 

PHKG1 

TNFAIP8 

CAPN5 

GRIP1 

MTNR1B 

RGS3 

TSSC4 

FGFR10P2 

PTGFR 

CORIN 

HMP19 

PIGR 

TRIM41 

CAT 

GRIP1 

MYCBP2 

RNF6 

TSSK3 

FLJ25530 

RABGGTB 

CPNE4 

HNRPUL1 

PLCD4 

TUBB 

CBX4 

HCRTR2 

NC0A3 

R0B02 

TUBA2 

GALR2 

RI0K3 

CRYGA 

ILK 

PLD2 

TUBB3 

CCL2 

HK1 

NEB 

R0S1 

TUBB2A 

GPR171 

SNW1 

CTNS 

ITGA7 

PLK3 

UB0X5 

CDH2 

H0XA1 

NEURL 

RUNX1 

TYSND1 

GRM6 

TFDP2 

CYP11B2 

ITGB3BP 

PML 

VSIG2 

CELSR1 

HRK 

NPR2 

RXFP4 

USP9X 

HAS2 

TMEM147 

DHFR 

JAK1 

PRPF4B 

WARS2 

CENPB 

HS3ST1 

NR5A1 

SAC 

VIPR2 

HCN2 

TREX1 

DHRS7C 

J0SD2 

PRSS21 

ZNF101 

CKM 

IGBP1 

NTF5 

SAG 

XIAP 

HEG1 

TXNDC3 

DNASE1L3 

KLRG2 

PSEN1 

CYP2E1 

IGF1R 

0LIG2 

SERPINB13 

ZNF467 

IL11 

VIP 

EHD1 

LIFR 

PTMA 

CYP4F8 

IL22 

OR10AD1 

SERPINB6 

ZWINT 

IL1A 

VPS39 

EPS15L1 

LMNA 

RAB26 

DNAH9 

JPH3 

OR3A2 

SERPINF2 

ITGB3 

YY1 

FBXL18 

LOC389772 

RAB40C 

DSPP 

KCNH3 

PDCD8 

SFRP5 

LEPROT 

ZNRF3 

FBX046 

MCL1 

RARRES2 

DUSP16 

KIF25 

PKM2 

SIGLEC5 

Table  5.  Prioritized  list  of  candidate  genes  whose  expression  is  likely  to  play  a  role  in  E2-induced  apoptosis  of 
MCF7:5C  cells.  Data  is  based  on  the  intersection  of  normalized  data  from  two  druggable  genome  screens.  Six 


different  levels  of  normalization  were  performed  for  each  screen.  5  genes  showed  2  of  2  possible  siRNA  hits,  with 
the  remainder  showing  1  of  2  hits  at  the  level  of  significance  selected  (IQ. 

MED14  (CRSP2,  DR1P150,  TRAP  170)  is  a  subunit  of  the  CRSP  (cofactor  required  for 
SPl  activation)  complex,which  along  with  TFIID,  is  required  for  efficient  transcriptional 
activation  by  the  SPl  transcription  factor.  It  has  also  been  identified  as  a  component  of  the 
mediator  complex  that  bridges  nuclear  hormone  receptors  to  RNA  polymerase  II  machinery.  For 
example,  Lee  and  colleagues  have  shown  effective  co-activation  of  Estrogen  Receptor  alpha 
(ER)  by  CRSP2  in  ZR751  breast  cancer  cells  through  an  LXXLL  protein  motif  (58).  It  would 
therefore  logically  follow  that  if  ER  is  required  for  E2-induced  apoptosis  in  MCF7:5C,  co¬ 
activators  associated  with  ER  activity  are  likely  to  also  impact  this  mechanism.  Indeed,  NCOA3 
is  one  of  the  gene  hits  detected  by  our  analysis.  Expression  of  CRSP2  is  not  significantly  altered 
in  MCF7  vs  MCF7:5C  cells  (gene  expression  array  data  reported  in  Year  4  report,  Cunliffe  lab). 

FZD8  (frizzled  family  receptor  8).  Frizzled  family  members  are  receptors  for  the 
Wingless  type  MMTV  integration  site  (wnt)  family  of  signaling  proteins  and  are  typically 
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coupled  to  the  beta-catenin  canonical  signaling  pathway.  This  gene  is  also  predicted  to  play  an 
important  role  in  G-protein  coupled  receptor  signaling  mechanisms.  Interestingly,  the  FZD8  gene 
is  16-fold  downregulated  at  the  transcriptional  level  in  MCF7:5C  cells  relative  to  MCF7  wild 
type,  and  is  inducible  by  E2  in  MCF7:5C  but  not  in  MCF7  cells.  Our  data  suggests  the  possibility 
that  E2-induced  expression  of  FZD8  plays  a  mechanistic  role  in  triggering  apoptosis  of  MCF7:5C 
as  RNAi-blockade  of  FZD8  transcripts  is  protective  of  E2-induced  apoptosis.  This  same  effect  is 
not  observed  in  MCF7  cells,  thus  may  warrant  further  investigation. 

GRIPl  (glucocorticoid  receptor  interacting  protein  1)  also  appears  to  play  a  role  in 
mediating  E2-induced  apoptosis  of  MCF7:5C  cells.  In  addition  to  its  role  in  mediating  hormone- 
dependent  transcriptional  regulation  by  the  glucocorticoid  receptor,  it  has  also  been  shown  to 
play  a  role  in  hormone  signaling  regulation  through  ER  and  Estrogen-Related  Receptor  alpha 
(59).  No  gene  expression  data  is  available  for  GRIPl  for  MCF7:5C  as  this  gene  is  not  represented 
on  the  4x44K  platform. 

K1F3A  (kinesin  family  member  3A)  is  a  subunit  of  a  heterotrimeric  motor  protein  and 
plays  an  important  role  in  microtubule  trafficking  of  protein  complexes,  nucleic  acids  and 
organelles  within  cells.  It  is  also  thought  to  play  a  role  in  MAPK  signaling  and  in  N-cadherin 
mediated  cell-cell  adhesion.  Expression  of  KIF3A  is  not  significantly  altered  in  MCF7:5C 
relative  to  MCF7,  and  KIF3A  is  not  an  E2-regulated  gene.  The  role  that  KIF3A  may  play  in  E2- 
induced  apoptosis  of  MCF7:5C  cells  remains  unclear. 

Gene  ontology  analysis  of  277  Candidate  genes. 

Gene  ontology  analysisof  the  top  277  candidate  genes  identified  in  the  RNAi  DG  screen 
showed  (among  some  very  generalized  GO  terms)  highly  significant  associations  with  processes 
for  G-protein  coupled  receptor  signaling  (p-value  2.3  x  lOE-7)  and  negative  regulation  of 
programmed  cell  death  (p-value  8.9  x  lOE-7).  Please  see  Table  6  for  a  list  of  all  GO-terms  with 
EASE  score  p-values  <  0.0001.  This  analysis  strongly  suggests  these  functional  processes  are 
involved  in  the  E2-mediated  apoptosis  on  MCF7:5C  cells. 

The  33  genes  represented  in  the  leading  GO  term  “G-protein  coupled  receptor  protein 
signaling  pathway”  are  GPR161,  GPR171,  GPR173,  GPR182,  GPR37L1,  GPR77,  HMP19,  SAG, 
ADCY6,  CELSRl,  CCL2,  GISH,  EMR2,  FSHR,  ESHB,  FZD8,  GALR2,  GLP2R,  GRMl,  GRM6, 
HCRTR2,  LPHNl,  MTNRIB,  OR3A2,  OPRLl,  PEEK,  PTGER,  PTGIR,  SMO,  TSHR,  TUBB3, 
VIP  and  VIPR2.FZD8  is  included  in  this  highly  statistically  significant  ontology  suggesting  an 
association  of  this  gene  within  a  broader  network  associated  with  deregulated  GPCR  signaling. 
The  genes  in  bold,  are  additionally  associated  with  the  GO  term  “G-protein  signaling,  coupled  to 
cyclic  nucleotide  second  messenger”  (p-value  7.45  x  lOE-5,  see  Table  6). 

The  23  genes  of  interest  in  the  GO  term  “negative  regulation  of  programmed  cell  death” 
are  as  follows:  BCL2L10,  BCL2L2,  PROPl,  ARHGDIA,  XIAP,  ARNT2,  BFAR,  CAT,  CCL2, 
CBX4,  ERCCl,  HRK,  IGFIR,  ILK,  ILIA,  MNATl,  MCLl,  NTRKl,  PRDX2,  PSENl,  PSMC5, 
SMOandTNFAIPS.GonQs  in  bold  are  additionally  associated  with  the  GO  term  “anti-apoptosis” 
(p-value  1.2  X  lOE-4,  see  Table  6).  XIAP  (BIRC4)  which  is  an  inhibitor  of  apoptosis  is  not  as 
highly  expressed  in  MCF7:5C  cells  compared  to  MCF7  (2  fold  less),  however  XIAP  associated 
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factor  (XIAF)  which  binds  to  and  counteracts  the  inhibitory  effect  of  XIAP  is  massively 
upregulated  in  MCF7:5C  cells  (25-30  fold),  however  expression  of  XIAF  is  downregulated  by  E2 
in  MCF7:5C  suggesting  the  stoichiometry  between  these  apoptotic  regulatory  proteins  may  play 
a  role  in  triggering  E2-induced  apoptosis.  HRK,  a  BCL2  interacting  protein  and  activator  of 
apoptosis  is  elevated  in  MCF7:5C  cells  relative  to  MCF7  and  is  further  upregulated  in  response 
to  E2  only  in  MCF7:5C.  Expression  of  IGFIR,  which  is  known  to  function  as  an  anti-apoptotic 
factor  in  a  number  of  malignancies  is  temporally  modulated  by  E2  in  MCF7:5C  but  not  in  MCF7, 
suggesting  a  possible  key  role  for  the  IGFIR  signaling  cascade  in  mediating  E2-induced 
apoptosis.  BRAR  is  also  an  intriguing  apoptotic  regulatory  molecule  in  that  it  plays  a  complex 
bi-functional  role  in  regulating  induction  of  apoptosis  via  both  the  intrinsic  mitochondrial 
mechanism  governed  by  BcI2  proteins  (BRAR  blocks  Bax-induced  death),  and  the  extrinsic 
mechanism  governed  by  TNFR  family  members  through  their  Death  domains  (BRAR  blocks 
death-domain-induced  caspase  activation).  This  suggests  the  possibility  that  E2  induces  apoptosis 
in  MCF7:5C  cells  via  both  the  intrinsic  and  extrinsic  pathways. 
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Table  6 
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El 

■ 

53 
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53 
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11 
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El 

■ 

55 
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El 

E 
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m 
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11 

0.4 

2.0E-4 

GOTERM_BP_ALL 
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El 
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39 
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Table  6.  Top  31  GO  terms  (from  a  total  of  245)  associated  with  thecandidate  list  of  277  genes  identified  in  the  DG 
RNAi  screen.  The  GO  terms  list  is  cropped  at  p  value  <0.0001.  Software  used:  DAVID  EASE 
(http://david.abcc.ncifcrf  gov/).  „Count’  is  how  many  genes  represented  in  each  term.  P-value  is  a  modified  Fisher’s 
Exact  P-value  or  EASE  score  (the  smaller  the  value,  the  higher  the  enrichment). 

Validation  of  Candidate  ‘hits’  from  the  DG  RNAi  screens. 

A  rationalized  argument  can  certainly  be  made  for  a  number  of  additional  genes  within 
these  GO  terms,  and  indeed  from  the  candidate  list  of  277  genes.  This  highlights  the  need  to 
experimentally  validate  the  candidate  genes  identified  in  the  RNAi  screen  in  order  to  prioritize 
an  in-depth  interrogation  of  the  molecular  mechanism  most  likely  triggering  E2-induced 
apoptosis  in  the  MCF7:5C  model.  A  custom  flexiplate-containing  the  candidate  genes  of 
interest,  (containing  4  separate  validated  siRNAs  per  gene  target)  was  developed  and  purchased 
by  Dr.  Azorsa’s  laboratory  and  the  flexi -plate  RNAi  validation  screen  in  MCF7:5C  cellswas 
performed  in  September  of  2011.  In  October  of  2011,  Dr.  Azorsa  alerted  me  to  the  extremely 
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unfortunate  news  that  there  was  a  technical  mishap  in  the  lab  in  that  the  MCF7:5C  validation 
screen  had  been  performed  on  the  incorrect  flexiplate  developed  for  a  separate  collaborative 
study.  There  was,  however,  1  candidate  gene  on  the  incorrect  flexi-plate  used  that  overlapped 
with  our  candidate  gene  list,  and  this  happened  to  be  the  gene  ESRl.  The  validated  data  is 
depicted  in  Figure  41,  and  shows  a  clear  requirement  for  ESRl  expression  to  mediate  E2-induced 
apoptosis  in  MCF7:5C.  The  final  flexiplate  validation  screen  was  not  conducted  due  to  Dr. 
Azorsa’s  unanticipated  departure  from  TGen  at  the  end  of  201 1. 

Figure  41 
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Figure  41.  Validation  of  ESRl  in  MCF7:5C  +/-  E2  in  flexi-plate  format.  A.  Viability  of  MCF7:5C  cells  treated 
with  vehicle  or  E2  following  RNAi  transfection.  All  positive  and  negative  controls  are  shown  as  well  as  data  for 
ESRl  and  BRCAl.  UBBsl  siRNA  is  lethal  no  matter  what  the  media  condition.  The  proportion  of  cell  death  in  the 
AllStar  negative  control  (ASN)  and  buffer  controlare  similar  to  that  of  BRCAl.  Cells  receiving  transfection  of 
ESRl  siRNA  remain  viable  in  the  presence  of  E2.  B.Histogram  of  MCF7:5C  cell  viability  across  multiple  validated 
siRNAs.  Top  panel:  AllStar  negative  control  showing  loss  in  cell  viability  with  E2  (red  bars).  Bottompanel  shows  4 
separate  siRNAs  against  ESRl  (assayed  in  duplicate)  showing  the  protective  effect  of  ESRl  blockade  (no  loss  in 
cell  viability  with  E2  treatment). 
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Key  Research  Accomplishments  (For  All  Tasks  of  the  CoE): 

Task  1  (LCCC,  Isaacs) 

•  Institutional  funds  were  secured  at  LCCC  for  continued  study  accrual,  whilst  the  trial  was 
permanently  closed  to  accrual  at  FCCC  and  affiliates,  but  remained  open  at  LCCC. 

•  The  protocol  was  transitioned  to  LCCC  under  direction  of  Claudine  Isaacs,  MD. 

•  DOD  approval  was  obtained  for  a  protocol  amendment  that  reflected  the  change  of  PI  and 
closure  to  accrual  at  the  other  sites. 

•  Screening  began  at  LCCC  and  1  patient  has  been  accrued;  she  is  currently  on  week  8  of 
Estrace  and  tolerating  it  well. 

•  We  elected  to  modify  our  protocol  to  6  mg/daily,  based  off  of  data  from  a  recent 
randomized  Phase  II  study  that  had  examined  the  impact  of  lower-dose  versus  higher- 
dose  estrogen  therapy  in  women  with  advanced  hormone  receptor  positive  breast  cancer 
who  had  evidence  of  disease  resistance  to  aromatase  inhibitors,  and  noting  the  estradiol 
dose  as  a  barrier  to  patient  accrual  at  the  FCCC  site. 

•  We  are  currently  awaiting  DOD  approval  of  the  protocol  amendement.  Once  approved, 
we  plan  to  expand  our  accrual  to  other  sites,  as  well  as  advertise  the  protocol  and  increase 
accrual  via  that  avenue  as  well. 

Task  2b-l  (GU  -  Jordan/Fan) 

•  Baseline  levels  of  ER,  HER2,  and  c-Src  activation  were  studied  in  a  panel  of  breast 
cancer  cell  lines:  wild-type  (MCF-7,  T47D,  ZR-75-1,  BT474,  MDA-MB-231,  and  Sk-Br- 
3)  and  endocrine  resistant  (MCF-7:5C,  MCF-7:2A,  MCF-7/F,  and  T47D:C42). 

•  Baselines  levels  were  differential  across  the  panel,  and  expressed  levels  of  total  c-Src  and 
phosphorylated  c-Src. 

•  Although  there  is  no  clear  relationship  between  c-Src  phosphorylation  and  HR  expression 
after  normalized  by  total  c-Src  among  tested  cell  lines,  we  observe  that  c-Src  is  activated 
in  resistant  cell  lines  compared  with  respective  parental  cell  lines  (MCF-7:5C,  MCF- 
7:2A,  and  MCF-7/F  versus  MCF-7,  T47D:C42  versus  T47D). 

•  The  c-Src  inhibitor,  PP2,  effectively  blocked  ER  negative  breast  cancer  cell  growth. 

•  The  growth  inhibitory  effects  by  the  c-Src  inhibitor  on  ER  positive  cells  appear  to  be 
more  complex  than  on  ER  negative  cells. 

•  Inhibition  of  c-Src  tyrosine  kinase  predominantly  blocked  ER  negative  breast  cancer  cell 
growth,  particularly  the  triple  {i.e.  ER,  PR,  and  HER2)  negative  cells. 

•  The  majority  of  ER  positive  breast  cancer  cells  were  not  sensitive  to  PP2  regardless  of 
wild-type  or  endocrine  resistant  cell  lines. 

•  The  c-Src  affected  the  function  of  ER  in  ER  positive  cells. 

•  PP2  could  not  block  the  proliferation  induced  by  E2  in  MCF-7  and  ZR-75-1  cells  but 
partially  abolished  E2  stimulation  in  T47D  and  BT474  cells,  indicating  that  c-Src  might 
play  a  distinct  role  in  mediating  E2  signaling  in  wild-type  cells. 
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•  In  two  endocrine  resistant  cells  (MCF-7:5C  and  MCF-7:2A),  that  overexpress  ER,  PP2 
could  block  c-Src  activation  and  abolished  about  25%  of  proliferation  in  MCF-7:5C  cells, 
but  without  any  inhibition  in  MCF-7:2A  cells. 

•  We  reasoned  that  a  combination  of  PP2  with  E2  would  enhance  E2-induced  apoptosis. 
However,  PP2  did  not  enhance  the  growth  inhibitory  effects  of  E2  on  these  two  cell  lines, 
but  rather,  blocked  the  growth  inhibition  induced  by  E2. 

•  These  data  implied  that  E2-triggered  apoptosis  might  be  utilizing  c-Src  tyrosine  kinase  as 
an  important  signaling  pathway.  We  are  currently  investigating  the  mechanisms  of  how 
the  c-Src  inhibitor  blocks  E2-triggered  apoptosis. 

•  Activation  status  of  HER2  determined  the  inhibitory  effects  of  the  c-Src  inhibitor. 

•  HER2  was  highly  activated  in  Sk-Br-3  cells  which  made  it  hypersensitive  to  lapatinib,  a 
dual  tyrosine  kinase  inhibitor  of  HER2  and  EGFR. 

•  HER2  hyper-activation  rendered  breast  cancer  cells  completely  resistant  to  PP2;  the 
higher  HER  phosphorylation,  the  lower  responsive  rate  to  PP2. 

•  Overall,  c-Src  mediates  the  essential  role  of  growth  pathways  in  ER  negative  breast 
cancer  cells  without  HER2  over-activation. 

•  These  data  provided  an  important  therapeutic  rationale  for  patient  selection  in  clinical 
trials  with  c-Src  inhibitors  in  triple  negative  breast  cancer. 

Task  2b-2  (GU  -  Jordan/Fan) 

•  Antiestrogens  4-hydroxyltamoxifen  and  ICI  182,780  block  E2-induced  apoptosis  which 
demonstrated  that  estrogen  utilizes  ER  as  the  initial  site  to  trigger  apoptosis. 

•  The  non-receptor  tyrosine  kinase  c-Src  acts  as  a  critical  molecule  in  relaying  ER 
signaling,  including  nongenomic  and  genomic  actions.  Its  activity  is  modulated  by  E2 
through  multiple  mechanisms,  leading  to  breast  cancer  cell  proliferation,  invasion,  and 
metastasis. 

•  c-Src  was  utilized  by  E2  to  induce  apoptosis-related  pathways  including  oxidative  stress 
and  inflammatory  responses  etc. 

•  E2  caused  mitochondrial  dysfunction  through  disrupting  mitochondrial  membrane 
integrity,  facilitating  the  translocation  of  cytochrome  c  from  the  mitochondria  into  the 
cytosol,  and  inducing  oxidative  stress. 

•  AP-1  is  often  considered  as  a  nuclear  decision-maker  that  determines  life  or  death  cell 
fates  in  response  to  extracellular  stimuli.  Both  ER  and  AP-1  are  nuclear  transcription 
factors. 

•  We  believe  that  the  role  of  AP-1  in  apoptosis  should  be  considered  within  a  complex 
network  of  nuclear  factors  that  respond  simultaneously  to  a  wide  range  of  signal 
transduction  pathways  triggered  by  estrogen. 

•  AP-1  belongs  to  basic  region-leucine  zipper  (bZIP)  protein  which  can  interact  with 
nuclear  protein  NF -kappa  B  (11)  and  other  bZIP  transcription  factors  such  as  CREBl 
(15). 
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•  It  will  be  a  challenge  to  identify  how  ER  regulates  or  associates  with  AP-1  through  other 
nuclear  proteins  to  trigger  apoptosis-related  genes  in  long-term  estrogen  deprived  cells. 

Task  2b-3  (GU  -  Jordan/Sengupta) 

•  Basal  expression  of  cMYC  transcripts  and  protein  level  is  3-4  fold  higher  in  the  AI- 
resistant  ER-i-  breast  cancer  cell  model,  MCF7:5C  cells,  as  compared  to  parental 
counterpart  MCF7  cells. 

•  High  levels  of  cMYC  is  responsible  for  the  estrogen  independent  growth  of  MCF7:5C 
cells. 

•  Un-liganded  estrogen  receptor  a  is  partially  responsible  for  the  higher  cMYC  levels  in 
MCF7:5C  cells  as  fulvestrant  treatment,  which  degrades  the  ERa  protein,  can  decrease 
the  cMYC  levels  as  well  as  the  estrogen  independent  growth  of  these  cells. 

•  Recruitment  of  high  levels  of  serine-2-phosphorylated  RNA  polymerase  II  (a  marker  of 
elongation  of  RNA  synthesis)  at  the  cMYC  promoter  in  MCF7:5C  cells,  as  compared  to 
parental  MCF7  cells,  is  most  likely  responsible  for  the  higher  levels  of  cMYC  transcripts. 

•  High  levels  of  phosphorylated-CDK9  is  found  in  MCF7:5C  cells  which  is  known  for  the 
phosphorylation  of  serine-2  residue  of  RNA  polymerase  II. 

•  Activated  CDK9  is  responsible  for  the  estrogen  independent  growth  of  the  MCF7:5C 
cells  as  CDK9  specific  inhibitor  can  block  its  spontaneous  growth. 

Task  2b-4  (GU  -  Jordan/Sengupta/Obiorah) 

•  Bisphenol  and  bisphenol-A,  both  compounds  act  as  an  estrogenic  ligand  for  growth  of 
ERa  positive  breast  cancer  cells,  whereas  bisphenol,  but  not  bisphenol-A,  acts  as  an 
estrogen-antagonist  in  MCF7:5C  cells,  as  it  is  unable  to  induce  apoptosis  in  these  cells. 

•  Bisphenol  (even  at  high  concentrations)  can  only  partially  induce  PS2  gene  transcription 
as  compared  to  17-[3  estradiol  treatment.  In  contrast,  bisphenol-A,  at  higher  concentration 
can  induce  PS2  gene  transcription  to  the  same  extent  as  17-[3  estradiol  treatment. 

•  Using  Chip  assay,  we  found  that  at  higher  concentration  (lO'^M)  bisphenoI-A  treatment 
can  recruit  ERa  as  well  as  steroid  receptor  co-activator-3  (SRC3)  proteins  at  the  PS2 
promoter  as  efficiently  as  17-[3  estradiol  treatment  in  the  MCF7:WS8  cells.  On  the  other 
hand,  high  concentration  of  bisphenol  failed  to  recruit  ERa  and  steroid  SRC3  proteins  at 
the  PS2  promoter  as  efficiently  as  17-[3  estradiol. 

•  By  using  MC2  and  JM6  cells  we  determined  that  bisphenol  required  the  aspartate  amino 
acid  at  the  351  position  of  ERa  to  induce  the  TGFa  mRNA  whereas  bisphenol-A  and  17- 
P  estradiol  did  not  require  it  suggesting  that  mode  of  ligand  binding  to  the  ERa  is  similar 
for  bisphenol-A  and  17-P  estradiol,  whereas  it  is  distinctly  different  for  bisphenol. 

•  Molecular  docking  studies  demonstrated  that  bisphenol  binds  to  the  ERa  protein  in  the 
same  mode  as  4-hydroxy  tamoxifen  (antagonist  mode),  whereas  binding  of  bisphenol-A 
to  the  ERa  is  predicted  as  similar  to  17-P  estradiol  or  di-ethyl  stilbestrol  (agonist  mode). 
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Molecular  docking  studies  suggested  weak  binding  capacity  of  bisphenol-A  and  that  it 
can  bind  to  ERa  in  two  distinct  modes,  both  predictive  of  agonist  conformation. 

•  Comparative  analysis  of  regulation  of  apoptotic  genes  in  MCF7:5C  cells  by  bisphenol 
and  bisphenol-A  revealed  that  bisphenol  failed  to  induce  apoptotic  genes  and  resembled 
4-hydroxy  tamoxifen  treatment  whereas  bisphenol-A  was  as  able  to  induce  the  apoptotic 
genes  almost  as  effective  as  17-P  estradiol  treatment. 

Task  2b-5  (GU  -  Jordan/Obiorah) 

•  E2-induced  apoptosis  occurs  as  a  delayed  event  in  MCF7:5C  cells  in  contrast  to  the 
generally  accepted  norm. 

•  Paclitaxel,  a  cytotoxic  chemotherapy,  rapidly  induces  apoptosis  in  the  same  cell  line  by 
24  hrs,  while  E2  begins  this  process  after  72  hrs  using  a  cell  proliferation  assay. 

•  E2  induces  ERS  and  inflammatory  stress  genes  as  well  as  apoptotic  genes  that  induce 
both  the  intrinsic  and  extrinsic  apoptosis  pathway. 

•  Given  the  above  results,  it  is  proposed  that  the  delayed  mechanism  of  apoptosis  induced 
by  E2  involves  an  initial  induction  of  both  endoplasmic  reticulum  stress  and 
proinflammatory  stress  with  early  involvement  of  NOXA  and  subsequent  activation  of 
mitochondrial  mediated  apoptotic  genes  that  later  expands  to  involve  other  apoptotic 
genes  including  the  death  receptor  gene  family. 

•  E2-induced  apoptosis  involves  a  number  of  multifactorial  events  that  may  explain  the 
delayed  apoptosis  that  is  observed  in  the  MCF7:5C  cells. 

•  Paclitaxel  selectively  induces  the  TRAIL/TNFRSFIOA/B  pathway  initially  which  expand 
to  involve  more  death  receptors  with  inhibition  of  the  cell  cycle  at  G1  checkpoint  by  p21. 

•  NOXA  and  DAPKl  also  induced  by  E2  are  expressed  at  24  hrs.  The  implicated  role  of 
these  two  genes  is  not  obviously  apparent  to  the  rapid  and  delayed  treatment  with 
paclitaxel  and  E2  respectively. 

Task  3  (GU  -  Riegel/Wellstein) 

•  In  MCF-7  cells,  Bcl-2,  a  major  anti-apoptosis  gene,  is  upregulated  by  estradiol  treatment 
whereas  no  change  of  Bcl-2  was  seen  in  MCF-7:5C  cells. 

•  Overall  the  expression  analysis  and  proteomics  data  show  some  interesting  convergences 
especially  in  apoptotic  regulatory  pathways  which  may  be  functionally  relevant  as 
initiators  of  estradiol-induced  apoptosis. 

•  It  has  been  suggested  from  an  in  vitro  study  that  mitochondria  have  been  significantly 
involved  in  initiation  of  apoptosis  in  the  MCF7:5C  cells.  We  found  PHBl  as  one  of  the 
interacting  partners  of  AIBl  coactivator.  To  further  explore  these  findings,  we  used 
MCF7:5C  tumor  cells  in  a  xenograft  model  to  extend  our  knowledge  of  estrogen-induced 
apoptosis  in  vivo. 
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•  We  show  that,  at  least  in  our  model,  PHBs  interaetion  with  signal  proteins  is  dynamic, 
regulated  by  PTMs,  and  time-depended.  These  results  support  specificity  of  found 
interactions. 

•  Elevated  levels  of  the  PHB  proteins  often  correlate  with  mitochondrial  dysfunction  and 
could  be  used  as  markers  of  imbalance  of  the  respiratory  chain.  Due  to  the 
compartmentalization  effect,  the  function  of  these  proteins  would  be  either  pro¬ 
growth/survival  or  pro-apoptotic/negative  regulators  of  cell  cycle. 

•  Mitochondrial  prohibitins  interact  with  ANTs  and  VDACs  proteins  and  stabilize  the 
Permeability  Transition  Pore  (PTP)  complex.  The  PTP  regulates  energy  flux  and  plays  an 
important  role  in  initiating  apoptosis. 

•  Both  the  OST48  and  DADl  proteins  are  believed  to  be  subunits  of  the 
oligosaccharyltransferase  complex.  The  loss  of  DADl  function  induces  apoptosis.  The 
two-hybrid  systems  involving  DADl  as  bait  points  toward  the  Mcl-l  protein,  one  of  the 
Bcl-2  family,  as  a  candidate  for  interaction. 

•  The  second  group  of  proteins  detected  in  our  mass  spectrometry  analysis  originated  from 
the  endoplasmatic  reticulum  (ER).  The  ER  plays  an  important  role  in  maintaining  the 
cytosolic  level  of  calcium  and  regulating  the  apoptotic  response  of  mitochondria. 
Interestingly,  one  ER  associated  protein  Erlin-2  (ER  lipid  raft  protein)  has  a  sequence 
similarity  with  prohibitins  and  fall  within  the  growing  family  of  prohibitin  domain- 
containing  (PHB)  proteins,  which  includes  the  prohibitins,  the  stomatins  and  the  flotillins. 

•  Ariazi  et  al  conducted  gene  expression  study  of  estrogen  induced  apoptosis,  comparing 
MCF-7  cell  variants  that  were  estrogen-dependent  (WS8),  or  resistant  to  estrogen 
deprivation  (2 A),  or  sensitive  (5C)  to  E2-stimulated  apoptosis.  They  found  significant 
association  and  overrepresentation  of  endoplasmic  reticulum  stress  (ERS)  genes  among 
the  5C-specific  genes.  This  link  indicated  that  E2  inhibited  protein  folding  and  translation. 

•  The  major  restriction  for  study  and  evaluation  of  novel  phosphorylation  sites  is  the 
availability  of  immunochemical  reagents,  such  as  phosphospecific  antibodies  for  Western 
blotting.  To  overcome  this  limitation,  we  implemented  an  assay  on  the  base  of  the 
LC-MRM-MS  platform  to  enable  the  measurement  method. 

Task  4  (TGen  -  Azorsa/Balagurunathan/Cunliffe) 

•  We  have  completed  replicate  kinase  RNAi  screens,  and  replicate  druggable  genome  (DG) 
RNAi  screens  in  MCF7:5C  cells  in  the  presence  and  absence  of  estrogen. 

•  We  have  identified  277  candidate  genes  that  are  protective  against  E2-mediated  apoptosis 
in  MCF7:5C  cells  from  the  DG  RNAi  screen. 

•  Gene  expression  microarray  studies  have  been  conducted  to  identify  the  basal  level  of 
expression  of  all  genes  in  the  MCF7:5C  and  MCF7:2A  cell  lines  compared  to  wild  type 
MCF7  cells  in  the  absence  of  E2.  This  work  was  accomplished  to  empower  integration  of 
multiple  analytical  approaches  by  the  Jordan  laboratory,  and  to  assist  with  further 
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prioritization  of  candidate  genes  identified  by  the  RNAi  screening  for  subsequent 
validation. 

•  All  gene  expression  microarray  studies  performed  by  the  Jordan  Laboratory 
(Northwestern  University  Microarray  Core  Facility)  and  the  Cunliffe  Laboratory  were 
transferred  to  a  1TB  external  hard-drive  and  returned  to  the  Jordan  Laboratory  prior  to 
the  completion  of  the  DoD  Year  5  budget  period. 

Reportable  Outcomes: 
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CONCLUSIONS 

It  is  important  to  stress  at  the  outset  of  this  section,  that  there  is  growing  momentum 
within  the  clinical  community  that  our  work  is  an  important  new  dimension  in  women’s  health. 
This  is  illustrated  by  three,  well-defined  facts: 

1)  Our  focus  on  the  applicability  of  our  laboratory  results  through  the  use  of  low  dose 
estrogen  for  the  treatment  of  metastatic  breast  cancer  following  antihormone  drug 
resistance  is  now  a  general  topic  of  discussion.  Our  work  has  been  pivotal  for  the 
publication  of  others;  the  concept  we  proposed  from  the  laboratory  data  enhances  the 
treatment  of  women  with  breast  cancer  (3,  60). 

2)  Our  concepts  form  the  basis  of  a  major  clinical  trial  in  Europe  and  around  the  world, 
described  as  the  Study  of  Letrozole  Extension  (SOLE)  (61).  The  strategy  for  the  study  is 
to  examine  whether  continuous  long  term  antihormone  therapy  is  better  or  worse  for  the 
adjuvant  treatment  of  ER-positive  breast  cancer  than  therapy  that  has  three  months  per 
year  drug  holidays,  where  the  women’s  own  estrogen  can  destroy  the  antihormone 
resistant  breast  cancer  cells  before  drug  resistance  disease  gets  a  hold. 

3)  The  recent  published  findings  of  the  Women’s  Health  Initiative  (WHI)  of  estrogen 
replacement  therapy  in  hysterectomized  postmenopausal  women  showed  a  reduction  in 
the  incidence  of  breast  cancer  that  in  fact  continues  for  five  years  after  estrogen  therapy 
stops  (1,  2).  We  are  providing  all  of  the  scientific  knowledge  database  to  explain  this 
apparently  paradoxical  finding  (estrogen  replacement  reduces  the  risk  of  breast  cancer!). 
We  obviously  take  very  seriously,  the  fact  that  we  are  the  pioneering  group  scientifically 
in  this  area  and  through  the  investment  of  the  DOD  CoE  grant  via  their  visionary  peer- 
reviewed  system,  we  have  been  given  the  responsibility  to  decipher  the  mechanisms 
involved  in  this  new  biology  of  estrogen-induced  apoptosis  in  breast  cancer. 

It  is  clear  from  the  aforementioned  three  broad  applications  in  clinical  medicine  that  we 
have  an  opportunity  to  revolutionize  women’s  health  through  the  prudent  application  of 
remaining  resources  awarded  through  our  CoE  grant  to  be  used  in  our  no  cost  extension.  I  will 
systematically  create  an  executive  summary  conclusion  for  each  of  our  ongoing  Tasks. 

The  proposed  clinical  trials  (Task  1)  have  suffered  from  the  general  withdrawal  of  the 
pharmaceutical  industry  from  university,  scientific-based  programs.  Despite  this  apparent 
setback,  we  have  moved  the  coordinating  center  from  FCCC  to  LCCC,  as  I  have  acquired 
funding  to  maintain  patient  accrual  through  the  clinical  PI,  Dr.  Claudine  Isaacs.  All  of  the 
biological  materials  collected  at  FCCC  are  invaluable  and  are  being  transferred  to  LCCC  for 
evaluation,  analysis  and  data  mining.  It  is  our  intention  to  maintain  patient  accrual  with  our 
primary  objective  of  sample  acquisition  and  the  Center  Director  at  LCCC,  Dr.  Louis  Weiner,  has 
committed  institution  funds  to  pay  for  patient  costs.  Our  original  concept  is  already  in  the  clinical 
domain  and  available  for  all  clinicians  to  use  in  their  treatment  plans.  This  demonstrates  a  clear 
success  story  for  our  commitment  to  this  translational  research. 

Our  major  accomplishment  to  date  on  the  grant  is  to  create  a  map  of  the  life  and  death  of 
breast  cancer  cells  in  response  to  physiological  estrogen  has  been  achieved  (Task  2a).  This  is  a 
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new  unique  dataset  that  is  invaluable,  but  the  complexity  of  our  dataset  is  currently  a  challenge 
to  the  best  brains  in  bioinformatics  in  the  world,  with  whom  we  are  currently  collaborating.  It  is 
important  to  realize  that  our  visionary  approach  proposed  the  equivalent  of  creating  a  movie,  of 
the  life  and  death  of  breast  cancer  cells  through  gene  activation  and  suppression,  but  every  other 
research  group  in  the  world  is  studying  only  single  photographs  of  cells  and  tumors  at  a  single 
point  in  time.  Nevertheless,  it  is  our  accomplishment  that  has  been  enhanced  by  considerable 
bioinformatics  input  and  the  development  of  new  computer  modeling  systems  to  analyze  gene 
dosing  activation  against  time  for  the  growth  and  death  of  human  breast  cancer  cells  in  response 
to  estrogen.  We  have  taken  all  of  our  enormous  gene  array  data  against  time  (96  hours)  and 
provided  it  to  Dr.  Joe  Gray  at  the  University  of  Oregon.  He  will  be  working  with  us  over  the  next 
year  of  the  grant  to  create  an  unique  pathway  analysis  “movie”.  This  has  never  been  done  before. 
With  my  election  to  the  National  Academy  of  Sciences  and  my  induction  during  the  last 
reporting  period,  we  we  have  published  our  pioneering  work  in  the  Proceedings  of  the  National 
Academy  of  the  Sciences  ((PNAS);  see  #7  in  Appendix).  With  our  database,  we  have  already 
identified  the  sequence  of  events  for  estrogen-induced  apoptosis  in  our  endocrine  resistant  breast 
cancer  cells.  Estrogen  induces  a  stress  response  and  activates  inflammatory  genes.  This 
discovery  now  allows  us  to  interrogate  this  mechanism  of  inflammation-mediated  cell  death 
through  its  modulation  with  anti-inflammatory  agents  such  as  glucocorticoids.  The  other  major 
finding  from  our  database  is  a  description  of  the  caspase  cascade  that  provokes  cell  death  and 
destruction  following  estrogen-induced  apoptosis.  We  have  precisely  defined  and  identified 
caspase  4  as  the  trigger  caspase  in  the  initiation  of  estrogen-induced  apoptosis.  However,  we  now 
seek  to  build  upon  our  database  and  use  molecular  pharmacology  to  define  and  refine  the  input 
signal  through  the  estrogen  receptor  that  modulates  estrogen- induced  apoptosis.  We  are 
addressing  the  issue  of  what  are  the  basic  estrogen-ER  related  events  that  trigger  estrogen- 
induced  apoptosis? 

We  have  focused  attention  on  understanding  the  role  of  c-Src  in  breast  cancer  and  the 
potential  role  of  c-Src  inhibitors  as  therapeutic  agents  for  metastatic  breast  cancer.  We  have 
expanded  our  work  on  the  discovery  that  by  blocking  c-Src,  one  can  block  estrogen-induced 
apoptosis  by  using  a  panel  of  breast  cancer  cells  to  study  the  general  actions  of  a  c-Src  inhibitor 
in  breast  cancer.  Our  work  is  to  be  published  in  the  European  Journal  of  Cancer  in  the  next  few 
months  (see  #18  in  the  Appendix  for  the  proofs).  We  identify  types  of  breast  cancer  not  to  be 
treated  with  c-Src  inhibitors  (Task  2b-l). 

We  have  addressed  the  hypothesis  that  by  blocking  cellular  survival  signaling,  we  should 
be  able  to  enhance  estrogen-induced  apoptosis  (Task  2b-2).  The  c-Src  oncogene  is  present  in 
70%  of  breast  cancers  and  is  clearly  a  survival  pathway  of  potential  importance.  We  have  made 
the  novel  discovery  that  blocking  c-Src  actually  blocks  estrogen-induced  apoptosis.  This  counter¬ 
intuitive  observation  that  is  unique  to  our  laboratory  has  two  important  ramifications: 

1)  Clinically  available  c-Src  inhibitors  should  not  be  used  or  tested  in  breast  cancer  patients 
following  drug  resistance  to  antihormones.  The  c-Src  inhibitor  has  the  potential  to  prevent 
naturally  occurring  estrogen-induced  apoptosis  and  this  will  be  of  detriment  to  the  patient. 
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2)  Our  observation  that  blockade  of  c-Src  has  potential  to  inhibit  estrogen-induced  apoptosis  has 
resulted  in  a  collaboration  with  our  Stand  Up  2  Cancer  (SU2C)  grant  to  evaluate  the  molecular 
mechanism  that  was  previously  unknown.  It  is  important  to  emphasize  that  this  grant  at  SU2C 
has  now  introduced  us  to  a  group  of  the  most  prominent  analytical  experts  and  world  leaders  in 
the  molecular  aspects  of  breast  cancer  in  the  world.  This  would  not  have  happened  but  for  the 
investment  in  our  DOD  CoE  grant.  Our  collaboration  with  Joe  Gray’s  group  has  resulted  in  the 
completion  of  an  RNAseq  analysis  to  identify  the  critical  role  of  AP-1  (c-Fos  and  c-Jun),  that  is 
initiated  as  a  trigger  of  apoptosis  24  hours  after  estrogen  impacts  on  the  cell.  We  have  proved 
that  cells  can  be  rescued  up  to  24  hours  from  estrogen-induced  apoptosis.  We  have  demonstrated 
and  will  continue  during  our  no  cost  extension,  the  critical  role  of  AP-1  signaling  in  apoptosis. 
Through  a  collaboration  with  Dr.  Myles  Brown  at  Harvard  University,  we  have  identified 
chromatin  binding  sites  in  one  of  our  cell  lines  that  is  aromatase  resistant,  MCF-7:2A  (62)  (see  # 
13  in  the  Appendix).  We  are  currently  determining  ER  targets  in  our  MCF-7:5C  cells  that  can  be 
activated  during  the  first  24  hours  to  create  AP-1  functional  units. 

We  believe  that  a  critical  issue  that  may  aid  our  understanding  of  estrogen-induced 
apoptosis  in  breast  cancer  may  be  to  discover  what  the  mechanism  of  estrogen-independent 
growth  actually  is  (Task  2b-3).  To  address  this  question,  we  have  discovered  that  cMYC  is  a 
prime  survival  mechanism  for  estrogen  independent  growth.  We  have  rigorously  examined  the 
regulation  of  cMYC  on  the  cell  cycle  and  our  work  provides  a  mechanistic  understanding  of 
autonomous  growth  of  breast  cancer  following  the  development  of  resistance  to  aromatase 
inhibitors.  We  are  planning  to  complete  our  studies  during  our  no  cost  extension  and  submit  our 
work  for  publication  within  the  next  6  months. 

Another  important  aspect  of  the  triggering  of  estrogen-induced  apoptosis  is  the  actual 
shape  and  conformation  of  the  ER  complex  in  the  cell  (Task  2b-4).  Earlier,  we  described  a  new 
classification  of  synthetic  and  natural  estrogens  binding  to  the  estrogen  receptor,  and  this 
classification  really  segregated  the  molecules  into  planar  and  non-planar  estrogens.  As  a  result  of 
ligand  binding,  the  planar  estrogens  (Class  I)  produced  a  neat  protein  complex  around  the  planar 
estrogen.  In  contrast,  non-planar  estrogens  (Class  II)  do  not  allow  the  estrogen  receptor  to  close 
neatly  around  the  ligand  and  at  its  extreme,  an  antiestrogen  produces  an  abnormal  shape,  thereby 
blocking  estrogen  action  (25).  Earlier  we  discovered  that  non-steroidal  antiestrogens  (SERMs) 
such  as  4-hydroxytamoxifen,  completely  blocked  estrogen-induced  apoptosis.  The  shape  of  the 
complex  clearly  was  critical  to  trigger  apoptosis.  However,  we  have  now  extended  our 
investigation  using  Class  II  estrogens  (Tasks  2b-4  and  2b-5).  Although  estrogen-like.  Class  II 
estrogens  stimulate  breast  cancer  cell  replication,  but  do  not  in  fact  stimulate  estrogen-induced 
apoptosis.  The  triggering  mechanism  slowed  down  and  apoptosis  now  occurs  about  7  days  later. 
It  is  a  remarkable  demonstration  of  how  we  can  modulate  the  trigger  through  the  shape  of  the  ER 
complex.  This  insight  into  the  modulation  of  the  shape  of  the  ER  complex  now  draws  us  to  the 
conclusion  that  co-activators  that  would  normally  bind  to  the  ER  complex  for  full  estrogen  action 
are  clearly  critical  for  estrogen-induced  apoptosis.  We  plan  to  initiate  a  major  project  studying 
the  structure  function  relationships  of  Class  II  estrogens  and  their  ability  to  modulate  apoptosis 
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and  deliver  appropriate  co-activators  to  promoter  sites  on  estrogen  target  genes  during  the  next 
year.  Our  progress  in  Tasks  2b-4  and  2b-5  is  highly  significant,  as  we  demonstrate  that  Class  II 
estrogens  slow  down  apoptosis  through  the  second  week  of  estrogen  exposure.  This  contrasts 
with  planar  Class  I  estrogens  that  cause  apoptosis  in  the  first  week  (Task  2b-4).  We  have  also 
discovered  that  chemotherapy  with  a  standard  breast  cancer  drug,  paclitaxel,  causes  immediate 
apoptosis  by  the  extrinsic  (death)  receptor  pathway  (Task  2b-5).  In  contrast,  estradiol  initiates 
apoptosis  through  the  intrinsic  pathway  in  mitochondria  and  then  the  cells  complete  the  process 
by  recruiting  the  extrinsic  pathway  Task  2b-5).  It  is  important  to  stress  that  the  goal  of  this 
molecular  enterprise  of  the  shape  of  the  ER  to  modulate  estrogen-induced  apoptosis  now 
perfectly  intersects  with  Task  3,  the  proteomics  of  estrogen-induced  apoptosis. 

The  role  of  our  proteomic  groups  (Task  3)  is  to  look  at  the  early  stages  of  estrogen 
receptor  mediated  estrogen-induced  apoptosis  to  define  key  components  of  the  ER  complex  or 
pathways  emanating  from  an  important  node.  Our  proteomics  group  has  integrated  a  global  co¬ 
activator  signaling  network  (AIBl)  that  appears  to  control  the  growth  and  apoptosis  of  breast 
cancer  cells.  The  importance  of  G-protein  coupled  receptors,  PI3  kinase,  Wnt  and  Notch 
signaling  pathways  are  strongly  associated  with  estrogen-induced  proliferation  or  apoptosis. 
These  findings  link  in  to  our  prior  publication  on  GPR30  (63)  and  our  work  on  the  shape  of  the 
ER  and  estrogen-induced  apoptosis.  In  our  parallel  studies,  we  concluded  that  AIBI  is  the 
controlling  mechanism  to  trigger  estrogen-induced  apoptosis  in  our  antihormone  resistant  breast 
cancer  cells.  In  Year  5  of  our  grant,  we  used  breast  cancer  tumors  grown  in  athymic  mice  to 
address  the  same  questions  we  have  derived  here  in  cell  culture  (40),  but  in  vivo.  We  have 
discovered  novel  gene  activation  never  considered  previously.  These  data  are  the  first  to  report 
that  the  functions  of  PHBs  as  an  ER  co-repressor  can  be  regulated  by  post-translational 
modification  (PTMs).  The  work  is  being  prepared  for  publication. 

The  genomics  program  at  TGen  (Task  4a)  has  accomplished  a  remarkable  analysis  of  the 
resting  and  gene  activation  states  of  our  antihormone  resistant  breast  cancer  cells  in  culture.  As  a 
supportive  commitment,  Dr.  Heather  Cunliffe  from  TGen  has  conducted  a  high-throughput 
analysis  using  siRNAs  to  determine  the  precise  genes  activated  by  estrogen-induced  apoptosis. 
These  data  are  unique  and  meld  perfectly  with  all  of  our  other  tasks.  The  data  generated  will  be 
used  in  Year  6  of  the  no  cost  extension  to  discover  the  apoptotic  trigger  of  the  estrogen  receptor 
complex. 

Our  future  plans  for  the  no  cost  extension  will  complete  our  original  plan  for  deciphering 
the  molecular  mechanism  (mechanisms)  of  estrogen-induced  apoptosis.  Our  unique  team  has 
built  on  our  strengths  and  we  are  now  poised  to  interrogate  the  models  and  move  rapidly  towards 
publication.  We  are  the  leaders  in  this  area.  It  is  important  to  stress  that  our  data  was  used  to 
obtain  grants  from  other  sources  (SU2C,  Susan  G.  Komen  For  The  Cure).  This  enhances  our 
capacity  for  interaction  with  the  best  breast  cancer  research  scientists  in  the  world. 
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Most  Plastic  Products  Release  Estrogenic  Chemicals:  A  Potential  Health 
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Background:  Chemicals  having  estrogenic  activity  (EA)  reportedly  cause  many  adverse  health 
effects,  especially  at  low  (picomolar  to  nanomolar)  doses  in  fetal  and  juvenile  mammals. 

Objectives:  We  sought  to  determine  whether  commercially  available  plastic  resins  and  products, 
including  baby  bottles  and  other  products  advertised  as  bisphenol  A  (BPA)  free,  release  chemicals 
having  EA. 

Methods:  We  used  a  roboticized  MCF-7  cell  proliferation  assay,  which  is  very  sensitive,  accurate, 
and  repeatable,  to  quantify  the  EA  of  chemicals  leached  into  saline  or  ethanol  extracts  of  many  types 
of  commercially  available  plastic  materials,  some  exposed  to  common-use  stresses  (microwaving, 
ultraviolet  radiation,  and/or  autoclaving). 

Results:  Almost  all  commercially  available  plastic  products  we  sampled — independent  of  the  type 
of  resin,  product,  or  retail  source — leached  chemicals  having  reliably  detectable  EA,  including  those 
advertised  as  BPA  free.  In  some  cases,  BPA-free  products  released  chemicals  having  more  EA  than 
did  BPA-containing  products. 

Conclusions:  Many  plastic  products  are  mischaracterized  as  being  EA  free  if  extracted  with  only 
one  solvent  and  not  exposed  to  common-use  stresses.  However,  we  can  identify  existing  compounds, 
or  have  developed,  monomers,  additives,  or  processing  agents  that  have  no  detectable  EA  and  have 
similar  costs.  Hence,  our  data  suggest  that  EA-free  plastic  products  exposed  to  common-use  stresses 
and  extracted  by  saline  and  ethanol  solvents  could  be  cost-effectively  made  on  a  commercial  scale 
and  thereby  eliminate  a  potential  health  risk  posed  by  most  currently  available  plastic  products  that 
leach  chemicals  having  EA  into  food  products. 

Key  WORDS:  bisphenol  A,  endocrine  disruptor,  endocrine-disrupting  chemical,  estrogen  receptor 
binding,  estrogenic  activity,  plastic.  Environ  Health  Perspect  119:989-996  (2011).  doi:10.1289/ 
ehp.1003220  [Online  2  March  2011] 


Chemicals  that  mimic  or  antagonize  the 
actions  of  naturally  occurring  estrogens  are 
defined  as  having  estrogenic  activity  (EA), 
which  is  the  most  common  form  of  endocrine 
disruptor  activity  [Interagency  Coordinating 
Committee  on  the  Validation  of  Alternative 
Methods  (ICCVAM)  2003,  2006;  National 
Research  Council  1999].  Chemicals  having 
EA  typically  interact  with  one  or  more  of  the 
classical  nuclear  estrogen  receptor  (ER)  sub- 
types:  ERa,  ERp,  or  nonclassical  membrane 
or  ER- related  subtypes  (Hewitt  et  al.  2005; 
Matsushima  et  al.  2008;  National  Research 
Council  1999).  In  mammals,  chemicals  hav¬ 
ing  EA  can  produce  many  health-related 
problems,  such  as  early  puberty  in  females, 
reduced  sperm  counts,  altered  functions  of 
reproductive  organs,  obesity,  altered  sex- 
specific  behaviors,  and  increased  rates  of  some 
breast,  ovarian,  testicular,  and  prostate  cancers 
(Della  Seta  et  al.  2006;  Gray  2008;  Kabuto 
et  al.  2004;  National  Research  Council 
1999;  Newbold  et  al.  2004;  Patisaul  et  al. 
2006,  2009).  Eetal,  newborn,  and  juvenile 
mammals  are  especially  sensitive  to  very  low 
(sometimes  picomolar  to  nanomolar)  doses  of 
chemicals  having  EA  (Gray  2008;  vom  Saal 
et  al.  2005).  Many  of  these  effects  observed  in 
mammals  are  also  expected  to  be  produced  in 
humans,  because  basic  endocrine  mechanisms 
have  been  highly  conserved  across  all  classes 


of  vertebrates  (Kavlock  et  al.  1996;  National 
Research  Council  1999). 

Thermoplastics,  which  are  used  for  many 
items  that  contain  food,  are  made  by  polymer¬ 
izing  a  specific  monomer  or  monomers  in  the 
presence  of  catalysts  into  a  high-molecular- 
weight  chain  known  as  a  thermoplastic  poly¬ 
mer  [see  Supplemental  Material,  Eigure  1 
(doi:  10. 1289/ehp.  1003220)].  The  resulting 
polymer  is  mixed  with  small  quantities  of 
various  additives  (antioxidants,  plasticizers, 
clarifiers,  etc.)  and  melted,  mixed,  extruded, 
and  pelletized  to  form  a  base  thermoplastic 
resin.  Base  resins  are  either  used  as  is  [e.g., 
bisphenol  A  (BPA)-based  polycarbonate  (PC), 
non-BPA-based  polypropylene  (PP)  copoly¬ 
mer  (PPCO),  and  non-BPA-based  PP  homo¬ 
polymer  (PPHO)]  or,  more  commonly,  mixed 
with  other  resins,  additives,  colorants,  and/or 
extenders  to  form  plastic  compounds  (e.g., 
polymer  blends  and  precolored  polymers). 
Plastic  products  are  then  made  by  using  one 
or  more  plastic  compounds  or  resins  to  form 
a  finished  plastic  part  that  can  be  subjected  to 
finishing  processes  that  may  use  inks,  adhe¬ 
sives,  and  so  forth,  to  make  a  finished  product. 

As  previously  described  (Begley  et  al.  1990, 
2005;  De  Meulenaer  and  Huyghebaert  2004), 
plastic  resins  and  manufacturing  protocols 
[see  Supplemental  Material,  Eigure  1  (doi:  10. 
1289/ehp.  1003220)]  collectively  use  many 


monomers  and  additives  that  may  exhibit  EA 
because  they  have  physicochemical  properties, 
often  from  an  insufficiently  hindered  phenol 
(HP)  group,  that  enable  them  to  bind  to  ERs 
(see  Supplemental  Material,  Table  1).  Because 
polymerization  of  monomers  is  rarely  complete 
and  additives  are  not  chemically  part  of  the 
polymeric  structure,  chemicals  having  EA  can 
leach  from  plastic  products  at  very  low  (e.g., 
nanomolar  to  picomolar)  concentrations  that 
individually  or  in  combination  can  produce 
adverse  effects,  especially  in  fetal  to  juvenile 
mammals.  This  leaching  of  monomers  and 
additives  from  a  plastic  item  into  its  contents 
is  often  accelerated  if  the  product  is  exposed  to 
common-use  stresses  such  as  ultraviolet  (UV) 
radiation  in  sunlight,  microwave  radiation, 
and/or  moist  heat  via  boiling  or  dishwashing. 
The  exact  chemical  composition  of  almost  any 
commercially  available  plastic  part  is  propri¬ 
etary  and  not  known.  A  single  part  may  consist 
of  5-30  chemicals,  and  a  plastic  item  contain¬ 
ing  many  parts  (e.g.,  a  baby  bottle)  may  con¬ 
sist  of  >  100  chemicals,  almost  all  of  which 
can  leach  from  the  product,  especially  when 
stressed.  Unless  the  selection  of  chemicals  is 
carefully  controlled,  some  of  those  chemicals 
will  almost  certainly  have  EA,  and  even  when 
using  all  materials  that  initially  test  EA  free,  the 
stresses  of  manufacturing  can  change  chemical 
structures  or  create  chemical  reactions  to  con¬ 
vert  an  EA-free  chemical  into  one  with  EA. 
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Very  few  studies  (Soto  et  al.  1991;  Till 
et  al.  1982)  have  examined  the  extent  to 
which  plastics  that  presumably  do  not  con¬ 
tain  BPA  nevertheless  release  other  chemicals 
having  detectable  EA.  For  example,  a  recent 
comprehensive  review  [table  on  page  72  of 
Gray  (2008)]  described  polyethylene  (PE), 
PP,  and  PE  terephthalate  (PET)  plastics  as 
being  “‘OK’  for  use  with  respect  to  release  of 
chemicals  exhibiting  EA.” 

Here,  we  report  that  most  of  the  >  500 
commercially  available  plastic  products  that  we 
sampled — even  those  that  are  presumably  BPA 
free — release  chemicals  having  detectable  EA, 
especially  if  they  are  assayed  by  more  polar  and 
less  polar  solvents  and  exposed  to  common-use 
stresses.  That  is,  we  show  that,  to  reliably  detect 
such  leachable  chemicals  having  EA,  unstressed 
or  stressed  plastic  resins  or  products  should 
be  extracted  with  more  polar  (e.g.,  saline)  and 
less  polar  [e.g.,  ethanol  (EtOH)]  solutions  and 
exposed  to  common-use  stresses  (boiling  water, 
microwaving,  and  UV  radiation). 

Materials  and  Methods 

We  developed  a  sensitive  and  accurate  roboti- 
cized  version  of  the  MCF-7  cell  proliferation 
assay  (E-SCREEN  assay)  that  has  been  used 
for  decades  to  reliably  assess  EA  and  anti-EA 


(Leusch  et  al.  2010;  Soto  et  al.  1995)  and  is 
currently  undergoing  validation  for  interna¬ 
tional  use  by  ICCVAM/NTP  (National 
Toxicology  Program)  Interagency  Center  for 
the  Evaluation  of  Alternative  Toxicological 
Methods  (NICEATM).  Chemicals  with  EA 
bind  to  ERs  (ERa,  ERp,  or  ER-related  sub- 
types)  and  activate  the  transcription  of  estrogen- 
responsive  genes,  which  leads  to  proliferation  of 
MCF-7  cells. 

Detailed  methods  for  the  MCF-7  assay 
are  provided  in  Supplemental  Material, 
(doi:10.1289/ehp.  1003220).  In  brief,  plastic 
resins  or  products  were  extracted  using  saline, 
a  more  polar  solvent,  or  EtOH,  a  less  polar  sol¬ 
vent.  Aliquots  of  the  extracts  were  then  diluted 
four  to  eight  times  to  produce  up  to  eight  test 
concentrations.  Each  test  chemical  or  extract 
at  each  concentration  was  added  in  triplicate 
or  quadruplicate  to  96-well  plates  containing 
MCF-7  cells  in  EA-free  culture  media.  After 
6  days  of  exposure,  the  amount  of  DNA  per 
well,  an  indication  of  cell  proliferation,  was 
assayed  using  a  microplate  modification  of  the 
Burton  diphenylamine  assay  (Burton  1956; 
Natarajan  1994). 

The  effect  of  a  test  chemical  or  extract 
on  proliferation  was  expressed  as  the  %E2, 
a  percentage  of  the  maximum  DNA  per 


well  produced  by  the  maximum  response  to 
17p-estradiol  (E2;  positive  control)  corrected 
by  the  DNA  response  to  the  vehicle  (negative) 
control  [see  Supplemental  Material,  Equation  1 
(doi:  10.1289/ ehp.  1 003220)] .  For  estrogenic  test 
chemicals,  the  concentration  needed  to  obtain 
half-maximum  stimulation  of  cell  proliferation 
[half-maximal  effective  concentration  (EC50), 
a  measure  of  binding  affinity]  was  calculated 
from  best  fits  to  dose-response  data  that  meet  a 
well-defined  set  of  criteria  by  Michaelis-Menton 
kinetics.  The  estrogenicity  of  extracts  was  calcu¬ 
lated  as  the  relative  maximum  %E2  (%RME2; 
a  measure  of  response  amplitude),  a  percentage 
of  the  maximum  DNA  per  well  produced  by 
an  extract  at  any  dilution  with  respect  to  the 
maximum  DNA  per  well  produced  by  E2  at 
any  dilution,  corrected  by  the  DNA  response  to 
the  vehicle  (negative)  control  (see  Supplemental 
Material,  Equation  2).  If  a  test  chemical  had  a 
positive  response  (>  15%  RME2)  but  an  EC50 
could  be  calculated  because  not  all  criteria  were 
met,  then  the  estrogenicity  of  the  test  chemical 
was  characterized  simply  as  EA  positive  or  by  its 
%RME2. 

The  EA  of  a  test  chemical  or  extract  was 
considered  detectable  if  it  produced  cell  pro¬ 
liferation  >  15%  of  the  maximum  response 
to  E2  (>  15%  RME2),  which  is  >  3SDs 


Log  (M) 


Figure  1.  Results  of  MCF-7  assays  shown  as  dilution  response  curves  (%E2)  for  E2  (A),  E2  and  BPA  (B),  BHA  (C),  and  %RME2  of  extracts  of  plastic  bags  (D),  a  PC 
bottle  (E),  and  a  BPA-free  bottle  made  from  PETG  (F).  Abbreviations:  PETG,  PET  glycol-modified  polyethylene  terephthalate;  VC,  vehicle  control.  Dotted  lines  repre¬ 
sent  3  SD  from  the  response.  In  B-F,  the  negative  control  (1%  EtOH  or  saline)  equals  0%  E2.  The  E2  standard  (10“^  M)  is  the  positive  control  diluted  as  indicated  in 
C-F.  Each  point  plotted  is  the  average  of  three  or  four  replicates  for  each  concentration  whose  SD  is  very  small  and  falls  within  the  space  taken  up  by  each  data 
point.  In  {A),  E2  was  dissolved  in  EtOH  (standard  extract)  or  concentrated  lOx  and  rediluted  to  show  that  the  EtOH  concentration  protocol  has  very  little  effect  on 
the  EC50  of  E2  (50%  E2).  The  EC50  of  E2  is  approximately  1.3  x  10“^^  M,  and  the  threshold  of  detection  (15%  E2)  is  approximately  10“^^  M.  The  maximum  E2  response 
was  attained  at  10“^^  M  and  remained  constant  at  higher  E2  concentrations.  {B)  The  EC50  of  both  E2  (as  in  A)  and  BPA  is  approximately  6.6  x  10“^  M,  and  threshold 
detection  is  approximately  10“^  M,  all  suppressed  by  10“^  M  ICI.  (C)  BHA  does  not  meet  criteria  needed  for  accurate  calculation  of  EC50  [see  Supplemental  Material, 
pp.  5-7  (doi:10.1289/ehp. 1003220)].  EA  is  positive;  its  maximum  response  is  about  50%  E2  (i.e.,  50%  RME2)  and  is  suppressed  by  10“^  M  ICI.  In  D,  commercially  avail¬ 
able  plastic  bags  were  extracted  by  100%  EtOH.  Commercially  available  PC  (E)  and  BPA-free  (f)  bottles  were  extracted  with  saline  or  EtOH  as  indicated. 
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from  the  historic  control  baseline  response 
(about  10“^^  M),  which  is  a  rather  conserva¬ 
tive  measure  of  EA  detectability.  Stimulation 
of  MCF-7  proliferation  induced  by  the  test 
chemical  or  extract  was  confirmed  to  be 
estrogenic  (compared  with  nonspecific)  in 
an  EA  confirmation  study:  If  the  stimulation 
of  MCF-7  proliferation  by  a  test  chemical  or 
extract  was  suppressed  by  coincubation  with 
a  strong  antiestrogen  [ICI  182,780  (ICI)  at 
10“^  to  10“^  M],  the  EA  of  the  test  chemical 
or  extract  was  confirmed.  Therefore,  a  test 
chemical  or  extract  was  classified  as  not  hav¬ 
ing  detectable  EA  if  it  did  not  induce  MCF-7 
cell  proliferation  or  if  it  induced  proliferation 
that  could  not  be  inhibited  by  ICI. 

Figure  1  shows  typical  MCF-7  responses 
plotted  as  %E2.  Figure  lA-C  show  responses  to 
some  test  chemicals:  E2  (positive  control),  BPA, 
and  butylated  hydroxyanisole  (BHA;  a  com¬ 
mon  antioxidant).  Figure  ID-F  show  %RME2 
responses  to  test  extracts  of  plastic  food  bags, 
PC  botdes,  and  BPA-free  baby  bottles  and  their 
ICI-suppressed  responses,  confirming  their  FA. 
Some  chemicals  or  products  were  also  ana¬ 
lyzed  for  anti-EA  [for  details,  see  Supplemental 
Material,  pp.  7-8  (doi:  10. 1289/ehp.  1003220)]. 

Purchase  and  analyses  of  plastic  products 
in  survey  studies.  For  Tables  1  and  2,  we  pur¬ 
chased  455  plastic  products  used  to  contain 
foodstuffs  from  various  commercial  retailers 
from  2005  through  2008.  The  relative  fre¬ 
quency  of  products  having  detectable  EA  did 
not  change  with  later  compared  with  earlier 
purchases.  In  some  cases,  we  instructed  under¬ 
graduate  students  or  employees  to  purchase 
a  mix  of  plastic  items  used  to  contain  food¬ 
stuffs  from  a  given  large  retailer  (Albertsons, 
H-E-B,  Randalls,  Target,  Wal-Mart,  Trader 
Joe’s,  and  Whole  Foods)  mainly  in  the  Austin, 
Texas,  or  Boston,  Massachusetts,  areas,  some 
of  which  market  many  “organic”  products.  In 
other  cases,  we  purchased  products  of  a  par¬ 
ticular  plastic  type  (e.g.,  PE-  or  PP-based  con¬ 
tainers).  We  recorded  the  retailer,  resin  type 
[high-density  PE  (HDPE),  PET,  PC,  PP,  poly¬ 
styrene  (PS),  polylactic  acid],  and  product  type 
(flexible  packaging,  food  wrap,  rigid  packag¬ 
ing,  baby  bottle  component,  deli  containers, 
plastic  bags).  In  addition,  because  the  contents 
of  some  plastic  items  might  have  added  or 
extracted  chemicals  having  FA  from  the  plastic 
containers  before  we  purchased  and  tested  the 
products  (Sax  2010),  we  recorded  whether  the 
plastic  items  had  contents  or  were  empty  when 
purchased.  For  any  plastic  container  having 
contents,  we  thoroughly  washed  out  the  con¬ 
tainer  with  distilled  water  before  testing  the 
plastic.  Except  for  PC-based  items,  none  of 
these  products  were  known  to  contain  BPA. 
(Plastic  products  typically  do  not  list  their 
chemical  composition,  which  is  proprietary 
to  the  manufacturer.)  Samples  were  chosen 
in  product  areas  where  adverse  health  effects 


might  occur  if  the  samples  leached  chemicals 
having  EA.  Samples  from  each  retailer  gener¬ 
ally  included  most  of  the  product  types  listed 
above.  In  addition  to  surveying  commercially 
available  products,  we  tested  plastic  resins  [e.g., 
PC,  PET,  glycol-modified  PET  (PETG)]  that 
were  purchased  from  M.  Holland  Company 
(Northbrook,  IE)  and  individual  chemicals 
used  to  manufacture  plastic  products  [e.g., 
BPA,  BHA,  butylated  hydroxytoluene  (BHT), 
dimethyl  terephthalate,  etc.]  that  were  pur¬ 
chased  in  their  purest  form  from  Sigma-AIdrich 
(St.  Eouis,  MO). 


Many  plastic  products  have  more  than 
one  plastic  part.  For  example,  baby  bottles 
have  3-10  different  plastic  parts  in  vari¬ 
ous  combinations  [bottle,  nipple,  anticolic 
item(s),  sealing  ring(s),  liner  bag,  cap,  etc.], 
each  part  typically  having  different  and  rather 
unique  combinations  of  5-30  chemicals.  Over 
the  course  of  this  entire  study,  we  assayed 
>100  component  parts  from  >  20  different 
baby  bottles,  including  many  advertised  as 
BPA  free.  Only  some  (13)  of  these  compo¬ 
nent  parts  were  purchased  for  the  initial  survey 
study  (Tables  I  and  2). 


Table  1.  Percentage  of  unstressed  plastic  products  having  EA  in  at  least  one  extract. 


Extraction  solvent 

EtOH 

Concentrated  EtOH 

Saline 

Any  extract 

Plastic  product 

n 

%D 

n 

%D 

n 

%D 

n 

%D 

Resin  type 

HDPE 

13 

69 

11 

55 

18 

56 

30 

70 

PP 

23 

52 

6 

33 

16 

81 

37 

68 

PET 

30 

40 

17 

94 

34 

76 

57 

75 

PS 

13 

62 

— 

— 

16 

38 

28 

50 

PLA 

10 

70 

1 

100 

8 

100 

11 

91 

PC 

1 

0 

1 

100 

2 

100 

2 

100 

Product  type 

Flexible  packaging 

82 

66 

6 

33 

35 

74 

121 

67 

Food  wrap 

9 

100 

— 

— 

9 

78 

9 

100 

Rigid  packaging 

57 

56 

18 

67 

31 

45 

83 

64 

Baby  bottle  component 

13 

69 

— 

— 

16 

94 

19 

89 

Deli  containers 

11 

36 

— 

— 

7 

7 

16 

44 

Plastic  bags 

33 

97 

1 

100 

23 

96 

43 

98 

Product  retailer 

Large  retailer  1 

31 

81 

2 

100 

4 

75 

36 

81 

Large  retailer  2 

4 

50 

4 

0 

50 

54 

53 

53 

Large  retailers 

18 

83 

2 

100 

7 

29 

25 

72 

Large  retailer  4 

37 

51 

— 

— 

— 

— 

37 

51 

Large  retailer  5 

20 

50 

3 

100 

4 

100 

23 

70 

Organic  retailer  1 

28 

71 

5 

60 

5 

80 

32 

81 

Organic  retailers 

33 

88 

1 

100 

10 

80 

35 

89 

Total  for  extract 

308 

68 

51 

73 

214 

69 

455 

72 

Abbreviations:  — ,  not  tested;  %D,  percent  detectable  (extract  produced  cell  proliferation  >  15%  RME2;  see  "Materials  and 
Methods");  n,  total  number  of  samples  purchased  (less  than  the  sum  of  n  values  for  individual  extracts  if  some  items  were 
tested  by  more  than  one  extraction  protocol);  PLA,  polylactic  acid.  Data  are  percentages  of  samples  for  which  EA  was 
detected  using  a  standard  or  concentrated  EtOH  extract,  a  saline  extract,  or  one  or  more  such  extracts  (any  extract).  Some 
individual  items  are  listed  in  two  or  three  categories  (e.g.,  PET  and  baby  bottles)  but  were  counted  only  once  for  the  extract 
total.  Baby  bottle  components  comprised  1 1  bottles  and  2  sealant  ring  components. 

Table  2.  Percentage  of  unstressed  plastic  products  having  detectable  EA  (>  15%  RME2)  in  two  extracts. 

Extraction  solvent 

Both  EtOH  Either  EtOH 


Category 

n 

EtOH  only 

Saline  only 

and  saline 

or  saline 

HDPE 

13 

15 

31 

15 

61 

PET 

21 

19 

29 

52 

100 

PP 

4 

0 

25 

75 

100 

PLA 

7 

0 

14 

86 

100 

Bottles 

38 

13 

34 

42 

89 

Baby  bottles 

11 

0 

36 

64 

100 

Rigid  packaging 

10 

30 

20 

40 

90 

Food  wrap 

8 

25 

0 

75 

100 

All  products 

102 

17 

21 

54 

92 

PLA,  polylactic  acid.  Values  shown  are  percent  (%)  of  unstressed  plastic  items  (n)  having  detectable  EA  (>  15%RME2) 
only  in  an  EtOH  extract  (and  not  in  a  saline  extract),  only  in  a  standard  saline  extract  (and  not  in  an  EtOH  extract),  in  both 
EtOH  and  saline  extracts,  or  in  either  EtOH  or  saline  extracts.  The  last  column  is  the  sum  of  the  three  previous  columns. 
"All  products"  is  the  total  for  each  column  when  each  product  (n  =  102)  is  only  counted  once  (some  products  are  listed 
in  two  categories).  The  standard  EtOH  extract  was  used  for  most  (n  =  81)  products  and  the  concentrated  EtOH  extract 
for  the  remainder  (n  =  21).  If  EA  was  detected  in  a  saline  or  standard  EtOH  extract  in  survey  studies  such  as  those 
reported  in  Table  1,  other  extracts  often  were  not  performed.  A  concentrated  EtOH  extract  was  usually  used  to  generate 
data  shown  in  Tables  1  and  2  only  if  EA  was  not  detected  in  a  saline  or  standard  EtOH  extract.  That  is,  samples  listed  for 
concentrated  EtOH  in  Table  1  and  EtOH  in  Table  2  had  a  selection  bias  for  not  having  detectable  EA. 
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Most  of  the  samples  (338  of  455)  in  the 
survey  study  (Tables  1  and  2)  ^vere  extracted 
using  only  one  extraction  protocol.  For  the 
remaining  samples  (n  =  102),  both  saline  and 
EtOFf  extractions  ^vere  used  so  that  the  effi¬ 
cacy  of  each  protocol  could  be  directly  com¬ 
pared.  We  used  a  paired  Student’s  ^-test  to 
test  vv^hether  differences  between  pairs  of  sam¬ 
ples  were  statistically  significant  (p  <  0.05). 

Protocols  for  common-use  stresses  of  some 
plastic  items.  Given  that  common-use  stresses 
can  alter  the  complex  chemical  composition 
of  plastics  and/ or  increase  the  rate  of  leaching 
(Begley  et  al.  1990,  2005;  De  Meulenaer  and 
Huyghebaert  2004),  for  some  resins  or  prod¬ 
ucts,  we  examined  how  leaching  of  chemicals 
having  EA  might  be  affected  by  exposure  to 
microwave  radiation,  autoclaving  (moist  heat), 
and  UV  light.  Additional  plastic  items,  some 
of  which  are  described  in  Figure  2  and  Table  3, 
were  purchased  in  2008-2010  and  subjected 
to  common-use  stresses.  In  addition,  we  tested 
a  variety  of  resins  (including  PE-  and  PP-based 
resins;  Table  3),  antioxidants  [see  Supplemental 
Material,  Table  3  (doi:  10. 1 28 9/ehp.  1003220)], 


and  other  additives  or  processing  agents  (see 
Supplemental  Material,  Table  4)  identified  by 
our  laboratory  as  being  free  of  detectable  EA 
and  hence  possibly  suitable  for  use  to  produce 
final  products  that  would  be  FA  free  even  after 
exposure  to  common-use  stresses. 

We  used  the  following  stresses: 

•  Samples  were  placed  about  2  feet  from  a 
254-nm  fluorescent  fixture  for  24  hr,  simu¬ 
lating  repeated  UV  stress  by  sunlight  (e.g., 
water  bottles)  or  UV  sterilizers  (e.g.,  baby 
bottles  and  medical  items) 

•  Samples  were  autoclaved  at  134°C  for 
8  min,  simulating  moist  heat  stress  in  an 
automatic  dishwasher 

•  We  heated  samples  in  a  microwave  10  times 
for  2  min  each,  using  a  1,000-W  kitchen 
microwave  oven  set  to  “high,”  simulating  heat 
and  microwave  radiation  stress  to  reusable 
food  containers. 

Results 

Release  of  chemicals  having  EA  from  unstressed 
plastics.  Tables  1  and  2  show  the  percentage 
of  samples  in  each  category  that  had  reliably 


Figure  2.  Total  EA  released  by  some  PC  and  BPA-free  water  bottles  (W)  and  baby  bottles  (B).  The  leach¬ 
ing  of  chemicals  having  EA  (measured  as  %RME2;  excluding  caps,  nipples,  and  other  components)  were 
extracted  using  saline  or  EtOH  as  solvents  and  exposed  to  autoclaving,  microwaving,  and/or  UV  light  (see 
"Materials  and  Methods"  for  details).  BPA-free  water  bottles  Wi,  W2,  W3,  and  W4  are  PETG,  and  W5  is 
PET.  BPA-free  baby  bottles  Bi  and  B2  are  polyethersulfone;  B3  is  PETG;  and  B4  and  B5  are  PP.  Orange  bars 
indicate  the  data  set  for  each  individual  product.  The  %RME2  for  saline  extracts  is  represented  by  solid 
black  lines  and  for  EtOH  as  solid  red  lines.  Symbols  represent  the  %RME2  of  chemicals  released  by  each 
assay  of  a  product  after  an  autoclaving  stress,  microwaving  stress,  and  UV  light  stress  (see  figure  key). 
The  dotted  horizontal  line  at  15%  RME2  is  the  rather  conservative  value  below  which  EA  was  considered 
nondetectable  (NO)  for  any  assay.  For  some  products  shown  (e.g.,  PC  Bi,  BPA-free  B4),  if  one  solvent  and/ 
or  stress  condition  showed  reliably  detectable  EA,  other  solvents  and  stress  conditions  were  not  subse¬ 
quently  tested.  Some  values  plotted  as  0%  RME2  actually  had  slightly  negative  %RME2  values  (-1%  to 
-7%  RME2)  due  to  cellular  toxicity. 


detectable  EA  (>  15%  RME2)  in  our  survey 
of  455  commercially  available  plastic  products. 
[For  the  %RME2  and  content  status  of  indi¬ 
vidual  samples,  as  well  as  the  average  %RME2 
for  products  classified  by  resins  (HDPE,  PP, 
PET,  PS,  polylactic  acid,  PC),  product  type 
(flexible  packaging,  food  wrap,  rigid  packag¬ 
ing,  baby  bottle  components,  plastic  bags),  and 
retailer  (large  retailers  1-5  and  large  organic 
retailers  1  and  2),  see  Supplemental  Material, 
Table  5  (doi:10.1289/ehp.l003220).]  For 
example,  9  of  13  HDPE  plastic  products 
extracted  by  our  standard  EtOH  protocol 
(69%)  had  detectable  EA  (Table  1),  with  a 
%RME2  (mean  ±  SD)  of  66%  ±  25%  (see 
Supplemental  Material,  Table  5A).  For  PET 
products  extracted  by  saline,  26  of  34  (76%) 
had  detectable  EA  (Table  1)  with  a  %RME2 
of  64%  ±41%  (see  Supplemental  Material, 
Table  5C).  We  found  no  consistent  corre¬ 
lation  between  the  percentage  of  items  in  a 
product  type  with  detectable  EA  and  their 
mean  %RME2  (data  not  shown). 

We  found  no  significant  difference 
{p  >  0.05)  in  the  percentage  of  items  with 
detectable  EA  between  those  with  contents 
and  those  with  no  contents  (76%,  n  =  160) 
at  the  time  of  purchase  based  on  the  stan¬ 
dard  EtOH  extraction  protocol  [67%  vs. 
70%;  see  Supplemental  Material,  Table  2A 
(doi:10.1289/ehp. 1003220)],  the  stan¬ 
dard  saline  protocol  (62%  vs.  75%;  see 
Supplemental  Material,  Table  2C),  or  all 
extraction  protocols  combined  (69%  vs. 
76%).  Most  important,  items  with  no  con¬ 
tents  in  all  categories  exhibited  detectable  EA 
in  at  least  one  protocol  (see  Supplemental 
Material,  Tables  2  and  5),  including  78%  of 
items  made  from  HDPE  {n  =  18),  57%  from 
W  {n  =  \ A),  and  100%  from  PET  {n  =  6). 
Given  all  of  these  results,  we  present  the  data 
for  all  items  shown  in  Tables  1  and  2  without 
regard  to  their  content  status. 

Using  different  solvents  increased  the  prob¬ 
ability  of  detecting  EA.  Most  (71%)  unstressed 
plastic  items  released  chemicals  with  reliably 
detectable  FA  in  one  or  more  extraction  proto¬ 
cols,  independent  of  resin  type,  product  type,  or 
retailer  (Table  1).  Results  often  differed  between 
saline  and  EtOH  extracts  of  the  same  unstressed 
plastic  item,  and  FA  was  reliably  detected  most 
frequently  (92%  of  all  items  listed  in  Table  2) 
when  analyzed  using  both  saline  (more  polar) 
and  EtOH  (less  polar)  extracts.  For  exam¬ 
ple,  15%  of  unstressed  HDPE  plastic  items 
leached  chemicals  with  detectable  FA  into  both 
EtOH  and  saline  extracts,  15%  leached  only 
into  EtOH,  and  31%  leached  only  into  saline 
(Table  2).  That  is,  the  leaching  of  a  chemical 
with  FA  was  significantly  (p  <  0.01)  more  likely 
to  be  detected  if  we  used  both  polar  and  non¬ 
polar  solvents  (61%)  than  if  we  used  only  one 
solvent  (30%  for  EtOH  only  or  45%  for  saline 
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only).  We  obtained  similar  results  for  all  types 
of  plastic  products  (data  not  shown). 

Assays  of  >  100  component  parts  from 
>  20  different  baby  bottles,  including  many 
advertised  as  BPA  free,  indicated  that  extracts 
of  at  least  one  bottle  component  of  each 
baby  bottle  always  had  EA  based  on  at  least 
one  assay  (some  data  shown  in  Table  2  and 
Figure  2),  as  did  at  least  one  other  component 
part  (data  not  shown). 

Stresses  increased  the  release  of  chemicals 
having  EA.  Leaching  of  chemicals  with  EA  was 
increased  by  common  stresses.  For  example, 
one  unstressed  sample  of  an  HDPE  resin  (P5 
in  Table  3)  that  had  no  detectable  EA  (i.e., 
RME2  <  15%)  in  two  saline  extracts  and 
two  EtOH  extracts  released  chemicals  with 
EA  equivalent  to  47%  RME2  when  extracted 
using  EtOH  after  the  resin  was  stressed  with 
UV  light.  Similarly,  two  samples  of  low-density 
PE  resins  (LDPE  resins  1  and  2)  and  PETG 
resins  (PETG  baby  bottle  and  PETG  resin  1) 
that  had  no  detectable  EA  before  stressing  sub¬ 
sequently  exhibited  EA  when  stressed,  espe¬ 
cially  by  UV  (Table  3).  Samples  {n  >  10)  of 
products  made  from  PETG  resins  advertised 
as  BPA  free  all  released  detectable  EA  when 
stressed,  especially  by  UV  light.  Similarly,  25% 
of  unstressed  samples  of  PET  and  50%  of 
unstressed  PS  products  surveyed  did  not  have 
detectable  EA  in  assays  of  EtOH  and/or  saline 
extracts  (Table  1).  However,  when  stressed  and 
assayed  using  both  saline  and  EtOH  extracts, 
all  PET  {n  >  10)  and  PS  {n  >  10)  products 
released  chemicals  having  detectable  EA  in  at 
least  one  extracting  solvent  (Table  3). 

EA-containing  and  EA-free  monomers. 
Polymerization  of  monomers  is  rarely  com¬ 
plete,  and  unpolymerized  monomers  are 
almost  always  released  from  polymer  resins 
(Begley  et  al.  1990,  2005;  De  Meulenaer  and 
Huyghebaert  2004).  PE  and  PP  polymers 
are  often  used  to  manufacture  flexible  and/or 
nontransparent  rigid  products  (Figure  3). 
MGF-7  assays  (n  =  6)  consistently  showed 
that  extracts  of  “barefoot”  (no  additives)  poly¬ 
mers  (e.g.,  LDPE  resin  PI  in  Table  3)  were 
EA  free,  even  when  stressed.  (PP-based  poly¬ 
mers  require  antioxidants  to  prevent  severe 
degradation  during  their  use  in  manufactur¬ 
ing  plastic  products.)  Furthermore,  PE-  and 
PP-based  resins  containing  appropriate  addi¬ 
tives  to  produce  fit-for-use  products  could  be 
constructed  that  remained  EA  free  (n  >  100 
assays  of  >  10  resins),  even  when  exposed  to 
common-use  stresses.  Representative  data 
from  several  such  resins  (LDPE  resin  PI, 
HDPE  resin  P2,  PP  homopolymer  resin  P3, 
PP  copolymer  resin  P4)  are  shown  in  Table  3. 

Figure  3  also  shows  other  monomers  and 
polymers  that  can  or  cannot  be  used  to  make 
hard-and-clear  (HG)  plastics.  For  example, 
HG  PG  plastics  (n  >  10)  all  released  chemi¬ 
cals  having  EA  (e.g.,  PG  baby  bottle  B^  and 


PG  water  bottle  in  Figure  2),  almost  cer¬ 
tainly  phenolics  such  as  BPA  (Figure  IB).  The 
dimethyl  terephthalate  monomer  used  to  make 
PET  and  PETG  plastics  exhibited  anti-EA 
{n  =  5  assays;  data  not  shown;  for  anti-EA 
assay  protocol,  see  Supplemental  Material 
(doi:  10.1289/ ehp.  1003220)] .  Furthermore, 
breakdown  products  of  dimethyl  terephthalate, 
PET,  and  PETG  resins  probably  contain  and 
release  phenolic  moieties  that  have  EA  that 
account  for  some  of  the  data  for  PET  prod¬ 
ucts  in  Tables  1  and  2.  Polyethersulfone  HG 
products  also  consistently  released  chemicals 
having  EA  or  anti-EA,  especially  when  stressed 
with  UV  light  (data  not  shown),  possibly  from 
unreacted  phenolic  monomer  residues  or  phe¬ 
nolic  stress-degradation  products.  In  contrast, 
some  HG  cyclic  olefin  polymer/ cyclic  olefin 
copolymer  polymers  produced  from  saturated 
cyclic  olefin  monomers  contained  no  phenolics 
and  did  not  release  chemicals  having  detectable 
EA,  even  when  stressed  (Table  3). 

Polymers  that  can  be  made  EA  free  have 
a  similar  cost  compared  with  polymers  made 
from  monomers  that  have  EA.  For  example, 
currently,  clarified  PP  having  no  additives 
that  exhibit  EA  (even  when  stressed)  that  is 
suitable  for  molding  bottles  costs  approxi¬ 
mately  $L20/lb.  PP  resins  containing  addi¬ 
tives  that  have  EA  also  cost  about  $L20/lb. 
Gommodity  resins  such  as  PET,  which  are 
made  from  monomers  having  EA  and  are 
suitable  for  molding  bottles,  are  priced  at 
approximately  $L28/lb  (Plastics  News  2011). 

EA-containing  and  EA-free  additives. 
Many  additives  are  physically,  but  not 


chemically,  bound  to  a  polymeric  structure 
and  hence  can  almost  always  leach  from  the 
polymer,  especially  when  stressed  (Begley  et  al. 
1990,  2005;  De  Meulenaer  and  Huyghebaert 
2004).  Antioxidants  are  the  most  critical  class 
of  additives  because  they  prevent  or  mini¬ 
mize  plastic  degradation  due  to  oxidation  that 
breaks  polymer  chains  (chain  scission)  and/ 
or  causes  cross-links  (Kattas  et  al.  2000).  The 
oldest  and  most  common  antioxidants  deemed 
suitable  for  food  contact  belong  to  a  chemical 
class  known  as  HPs  (hindered  phenols),  such 
as  BHT  and  BHA,  in  large  part  because  both 
are  inexpensive  and  assumed  to  be  nontoxic. 
However,  BHT  {n  =  A  assays)  had  reliably 
detectable  EA,  as  did  BHA  {n  =  3  assays).  [The 
EG50  of  BHT  and  BHA  (Figure  IG)  could 
not  be  accurately  calculated  because  both  also 
exhibited  cellular  toxicity  at  higher  concentra¬ 
tions  (10“^  M).]  Other  commonly  used  HP 
antioxidants  {n  =  4/5)  and  organophosphines 
{n  =  6/7)  also  exhibited  reliably  detectable 
EA,  especially  when  exposed  to  moist  heat, 
which  presumably  causes  hydrolysis  (data  not 
shown).  For  example,  proprietary  antioxidants 
Phos  (phosphate)  OX  1  and  HP  AOX  2  had 
no  detectable  EA,  whereas  HP  AOX  1  and 
Ph  (bisphenol)  AOX  1  had  reliably  detect¬ 
able  EA  [see  Supplemental  Material,  Table  3 
(doi:  10. 1289/ehp.  1003220)]. 

Many  other  additives  {n  >  50)  with  a 
phenolic  group  had  reliably  detectable  EA, 
such  as  agents  found  in  many  base  resins 
[tris(nonylphenyl)  phosphite,  octylphenol, 
nonylphenol,  butylbenzene  phthalate], 
colorants  (especially  blues  or  greens  with 


Table  3.  Representative  %RME2  values  for  stressed  resins  or  parts  made  from  flexible  or  HC  polymers. 

Stress/extraction  solvent 


Microwave 

UV 

Autoclave 

Sample  type 

Saline 

EtOH 

Saline 

EtOH 

Saline 

EtOH 

Flexible  polymers 

LDPE  resin  1 

5 

7 

0 

4 

4 

30" 

LDPE  resin  2 

3 

7 

26" 

3 

-1 

27" 

PET  water  bottle 

100" 

3 

31" 

2 

47" 

1 

LDPE  resin  PI 

2 

3 

0 

0 

4 

5 

EIDPE  resin  P2 

6 

-4 

2 

-2 

-1 

-3 

PPEIO  resin  P3 

0 

-4 

3 

2 

-6 

-3 

PPCO  resin  P4 

3 

7 

-7 

-6 

-9 

-3 

EIDPE  resin  P5 

ND 

ND 

ND 

47" 

ND 

ND 

EIC  polymers 

Water  bottle  1.1 

3 

23" 

71" 

17" 

-1 

19" 

Water  bottle  1 .2 

4 

21" 

57,"  69,"  98" 

48,"  39" 

8 

23" 

Water  bottle  2.1 

-7 

-5 

81" 

22" 

0 

4 

Water  bottle  2.2 

34" 

-2 

80" 

12 

-1 

1 

PETG  baby  bottle 

0 

-2 

122" 

44" 

0 

1 

PETG  resin  1 

-8 

17" 

61" 

111" 

0 

15" 

PS1 

4 

3 

17" 

45" 

76" 

0 

COC  3 

9 

7 

20" 

20" 

0 

6 

COC  resin  PI  8 

4 

1 

9 

11 

1 

-2 

COC  resin  PI  9 

6 

2 

6 

-2 

4 

2 

Abbreviations:  COC,  cyclic  olefin  copolymer;  ND,  not  determined;  PPCO,  polypropylene  copolymer;  PPHO,  polypropylene 
homopolymer.  Numerical  values  are  %RME2  responses  of  extract  for  several  different  baby  bottle  and  other  component 
parts.  Resins  designated  with  P  (e.g.,  PI,  P18)  are  EA-free  formulations  developed  at  PlastiPure.  Resin  P5  exhibited  EA 
when  stressed.  Multiple  values  for  water  bottle  1 .2  under  UV  stress  are  data  for  repeated  analyses. 

TIastic  items  leaching  chemicals  having  detectable  EA  >  15%  RME2. 
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phthalocyanine  groups),  PS-based  purge 
compounds,  and  mold-release  agents  [see 
Supplemental  Material,  Table  4  (doi:10.1289/ 
ehp.  1003220)].  In  contrast,  many  metal- 
oxide-based  inorganic  pigments  did  not 
exhibit  EA.  However,  these  EA-free  pigments 
are  often  mixed  with  dispersing  agents  and 
carrier  resins  that  have  EA  to  produce  colo¬ 
rant  masterbatch  concentrates.  Nevertheless, 
we  have  identified  resins,  dispersants,  pig¬ 
ments,  and  antioxidants  that  are  approved  by 
the  Eood  and  Drug  Administration  for  direct 
food  contact  (see  Supplemental  Material, 
Tables  3  and  4)  to  create  colorant  master- 
batch  concentrates  (n  >  100)  that  produce 


even  colorant  dispersion  into  plastics  and  that 
have  no  detectable  EA,  cellular  toxicity,  or 
adverse  processing  effects,  even  when  stressed. 

Because  additives  comprise  a  small  frac¬ 
tion  (typically  0.1-1%  by  weight)  of  plastic 
resins  and  compounds  and  because  plastic 
resins  and  compounds  using  EA-free  addi¬ 
tives  are  processed  during  manufacture  in  a 
nearly  identical  manner  as  conventional  resins 
and  compounds  containing  chemicals  with 
EA,  the  replacement  of  additives  having  EA 
with  EA-free  additives  should  have  very  lit¬ 
tle  impact  on  the  cost  of  the  final  product. 
Eurthermore,  EA-free  additives  have  only  a 
slightly  higher  or  no  additional  cost  compared 


with  additives  with  EA,  so  that  their  cost 
impact  is  very  small  or  nonexistent. 

Products  currently  marketed  as  BPA  free 
are  not  EA  free.  In  response  to  market  and 
regulatory  pressures  to  eliminate  BPA  in  HC 
plastics,  BPA-free  HC  materials  have  recently 
been  introduced  as  replacements  for  PC  res¬ 
ins.  PET  and  PETG  are  two  such  resins,  but 
HC  plastic  products  made  from  these  res¬ 
ins  leached  chemicals  that  had  detectable  EA 
(Tables  1-3,  Figures  2  and  3),  often  in  the 
absence  of  exposure  to  common-use  stresses. 
Two  popular  brands  of  water  bottles  made 
from  a  PETG  resin  now  marketed  as  an  HC 
BPA-free  replacement  also  released  chemicals 
having  significant  EA  (Wl,  W2,  W3,  and 
W4;  Table  3,  Figures  2  and  3),  as  did  uncom¬ 
pounded  PETG  resins  (Table  3).  Most  PE/ 
PP-based  plastic  products  were  presumably 
BPA  free  but  nevertheless  had  readily  detect¬ 
able  EA  (Tables  1  and  2),  almost  certainly  due 
to  one  or  more  additives  having  EA.  Many 
components  of  BPA-free  baby  bottles  had 
reliably  detectable  EA  (22-95%  RME2)  when 
extracted  in  either  saline  or  EtOH,  including 
the  bottle,  nipple,  anticolic  device,  and  liner 
(data  not  shown). 

In  fact,  all  BPA-replacement  resins 
or  products  tested  to  date  {n  >  25)  released 
chemicals  having  reliably  detectable  EA  (data 
not  shown),  including  polyethersulfone  and 
PETG,  sometimes  having  more  total  EA 
measured  as  %RME2  than  many  PC  prod¬ 
ucts  when  stressed.  For  example,  the  %RME2 
released  by  various  BPA-free  baby  and  water 
bottle  component  parts  extracted  by  saline 
or  EtOH  solutions  and  exposed  to  one  or 
more  common-use  stresses  can  be  greater 
than  PC  products  under  the  same  conditions 
(Figure  2).  UV  stress,  in  particular,  often  leads 
to  the  release  of  chemicals  having  greater  EA 
than  BPA-containing  HC  plastics  currently 
sold.  For  example,  saline  extracts  of  BPA-free 
baby  bottle  B3  (Figure  2)  after  exposure  to 
UV  showed  greater  EA  than  did  any  of  the  PC 
baby  bottle  extracts  after  any  of  the  stresses. 
Saline  extracts  from  BPA-free  baby  bottle  B^ 
after  any  of  the  stresses  (microwave,  autoclave, 
or  UV)  showed  greater  EA  than  did  the  saline 
extracts  from  PC  baby  bottle  B2  after  any  of 
the  stresses.  EtOH  extracts  from  BPA-free 
baby  bottle  B^  after  UV  stress  showed  greater 
EA  than  extracts  from  PC  baby  bottle  B^. 
Saline  extracts  from  BPA-free  baby  bottle  B2 
after  microwave  or  autoclave  stresses  showed 
greater  EA  than  did  saline  extracts  from  PC 
baby  bottles  B^  or  B2  after  any  of  the  stresses. 
Note  also  in  Figure  2  that  multiple  extracts 
of  the  same  product  using  the  same  solvent/ 
stress  combination  typically  gave  rather  simi¬ 
lar  %RME2  data,  but  different  solvent/stress 
combinations  gave  very  different  results,  from 
very  high  EA  to  nondetectable  EA.  For  exam¬ 
ple,  EtOH  extracts  from  PC  baby  bottle  B2 


Figure  3.  Properties  of  monomers  and  polymers  used  to  make  common  resins. 

Polymers 

Monomers 

Structures 

EA 

Toxicity^ 

Flexible  polymers 

Low-density  polyethylene  (LDPE), 

Ethylene 

H  H 

\  / 

No 

No 

linear  low-density  polyethylene 
(LLDPE),  high  density  poly¬ 

M 

H  H 

ethylene  (EIDPE) 

Polypropylene  homopolymer 
(PPHO) 

EIC  polymers^ 

Propylene 

No 

No 

Copolymer  using  terephthalate 

1 ,4-Cyclohexanedimethanol, 

HO 

Yes^ 

No 

PETG 

dimethyl  terephthalate^ 

K>a 

OH 


Polycarbonate  (PC) 


Bisphenol  A,®  phosgene 


Polyethylene  terephthalate  (PET)  Dimethyl  terephthalate® 


Yes  Yes 


Yes^  No 


Polystyrene  (PS) 

Styrene 

Yes®' 

No 

Polypropylene  copolymer  (PPCO) 

Propylene,  ethylene 

u 

^  H  H 

^  H 

H  H 

No 

No 

Cyclic  olefin  polymer  (COP), 
cyclic  olefin  copolymer  (COC) 

Ethylene,  norbornene 

H  H  . 

H  Q) 

H  H 

No 

No 

Polyacrylonitrile  (PAN) 

Acrylonitrile 

No 

Yes 

Polyethersulfone  (PES) 

1,4-bis(4-Chlorophenyl) 
sulfone,  1,4-di  hydroxy- 
benzene® 

0 

Cl  — S  — Cl 

Yes®' 

No 

HO  OH 


^Polymer  exhibits  other  toxic  effects  (e.g.,  cellular  damage  or  carcinogenicity),  or  toxic  chemicals  (e.g.,  phosgene  and 
acrylonitrile)  are  used  or  produced  during  polymerization.  *HC  polymers  generally  have  a  glass  transition  temperature 
(Tg)  above  room  temperature  and  limited  or  no  ability  to  crystallize.  ‘^Monomer  has  anti-EA  in  MCF-7  assays.  ‘^Under  cer¬ 
tain  conditions,  degradation  products  exhibit  EA.  ^Monomer  has  EA  in  MCF-7  assays. 
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showed  very  high  EA  under  all  stress  condi¬ 
tions,  whereas  saline  extracts  of  the  same  bottle 
under  the  same  stress  conditions  showed  no 
detectable  EA.  Hence,  to  reliably  detect  EA, 
plastic  resins  or  products  must  be  extracted 
with  both  polar  and  nonpolar  solvents  and 
exposed  to  common-use  stresses. 

Discussion 

Most  plastic  products  release  chemicals  having 
EA.  Our  data  show  that  both  more  polar  (e.g., 
saline)  and  less  polar  (e.g.,  EtOH)  solvents 
should  be  used  to  extract  chemicals  from  plas¬ 
tics  because  the  use  of  only  one  solvent  sig¬ 
nificantly  reduces  the  probability  of  detecting 
chemicals  having  EA.  The  ability  to  detect 
more  polar  and  less  polar  chemicals  having  EA 
is  important  because  plastic  containers  may 
hold  either  type  of  liquid  or  a  liquid  that  is  a 
mixture  of  more  polar  and  less  polar  solvents 
(e.g.,  milk).  When  both  more  polar  and  less 
polar  solvents  are  used,  most  newly  purchased 
and  unstressed  plastic  products  release  chemi¬ 
cals  having  reliably  detectable  EA  independent 
of  the  type  of  resin  used  in  their  manufacture, 
type  of  product,  processing  method,  retail 
source,  and  whether  the  product  had  contents 
before  testing.  However,  the  lack  of  signifi¬ 
cant  difference  in  average  percentage  having 
detectable  EA  between  plastic  items  with  and 
without  contents  does  not  imply  that  the  con¬ 
tents  do  not  affect  the  total  EA  or  specific 
chemicals  having  EA  released  by  individual 
plastic  items. 

Our  data  show  that  most  monomers  and 
additives  that  are  used  to  make  many  com¬ 
mercially  available  plastic  items  exhibit  EA. 
Even  when  a  “barefoot”  polymer  (no  addi¬ 
tives)  such  as  PE  or  polyvinyl  chloride  does 
not  exhibit  EA,  commercial  resins  and  prod¬ 
ucts  from  these  polymers  often  release  chemi¬ 
cals  (almost  certainly  additives)  having  EA. 

We  found  that  exposure  to  one  or  more 
common-use  stresses  often  increases  the  leach¬ 
ing  of  chemicals  having  EA.  In  fact,  our  data 
suggest  that  almost  all  commercially  available 
plastic  items  would  leach  detectable  amounts 
of  chemicals  having  EA  once  such  items  are 
exposed  to  boiling  water,  sunlight  (UV), 
and/or  microwaving.  Our  findings  are  con¬ 
sistent  with  recently  published  reports  that 
PET  products  release  chemicals  having  EA 
(Wagner  and  Oehlmann  2009)  and  that  dif¬ 
ferent  PET  products  leach  different  amounts 
of  EA.  For  example,  different  PET  products 
release  different  amounts  of  EA  measured  as 
%E2  or  %RME2  [see  Supplemental  Material, 
Table  5C  (doi:  10. 1289/ehp.  1003220)] , 
almost  certainly  because  different  PET 
copolymer  manufacturers  choose  different 
monomers,  additive  packages,  and  synthetic 
processes  to  produce  PET  copolymer  resins. 

Our  data  are  consistent  with  the  hypothe¬ 
ses  that  the  presence  of  a  phenolic  moiety 


is  the  best  predictor  of  whether  a  chemical 
exhibits  EA  and  that  benzene  moieties  often 
probably  convert  to  phenolic  moieties  when 
the  monomer  and/or  polymer  is  exposed  to 
one  or  more  manufacturing  or  common-use 
stresses.  For  example,  although  in  theory  most 
organophosphites  (antioxidants  commonly 
used  with  HPs  to  provide  synergistic  oxida¬ 
tion  protection)  in  their  unaltered  state  should 
not  bind  to  ERs  [see  Supplemental  Material, 
Table  1  (doi:  10. 1289/ehp.  1003220)],  organo¬ 
phosphites  are  hydrolytically  unstable  and 
often  produce  phenols  when  exposed  to  water 
(Kattas  et  al.  2000).  Most  organophosphite 
antioxidants  we  tested  exhibited  detectable 
EA  (data  not  shown). 

Likewise,  various  additives  that  are  high- 
molecular-weight  HPs  do  not  have  EA,  but 
if  exposed  to  moist  heat  they  can  undergo 
hydrolysis  and  produce  lower-molecular- 
weight  phenolics  that  have  EA.  Therefore, 
antioxidants  and  other  additives  should  be 
tested  for  EA  both  in  their  original,  unstressed 
form  and  after  stressing.  We  can  identify 
monomers  and  additives  (antioxidants,  clari¬ 
fiers,  slip  agents,  colorants,  inks,  etc.)  hav¬ 
ing  no  detectable  EA  for  use  at  all  stages  of 
manufacturing  processes  to  make  flexible 
nontransparent  or  HC  plastic  items  that  are 
EA  free,  even  after  exposure  to  common-use 
stresses.  All  of  our  data  suggest  that,  when 
both  are  manufactured  in  comparable  quanti¬ 
ties,  carefully  formulated  EA-free  plastic  prod¬ 
ucts  could  have  all  the  fit-for-use  properties 
of  current  EA-releasing  products  at  minimal 
additional  cost. 

BPA  free  is  not  EA  free.  Although  most 
items  listed  in  Tables  1-3  would  not  be 
expected  to  contain  BPA,  nevertheless  almost 
all  stressed  plastic  items  tested  leached  chemi¬ 
cals  having  reliably  detectable  EA  measured 
as  %RME2  if  extracted  with  both  more  polar 
and  less  polar  solvents.  In  response  to  mar¬ 
ket  and  regulatory  pressures,  BPA-free  PET 
or  PETG  resins  and  products  have  recently 
been  introduced  as  replacements  for  PC  res¬ 
ins.  However,  all  such  replacement  resins  and 
products  tested  to  date  release  chemicals  hav¬ 
ing  EA  (measured  as  %RME2),  sometimes 
having  more  EA  than  BPA-containing  PC 
resins  or  products,  especially  when  stressed 
by  UV  light  (Figure  2,  Table  3).  Monomer 
or  polymer  breakdown  products  that  have  EA 
account  for  some  of  this  EA,  but  the  rest  of  the 
measured  EA  is  almost  certainly  due  to  release 
of  additives  having  EA  in  BPA-free  products, 
including  the  bottle  and  many  component 
parts  of  baby  bottles  advertised  as  BPA  free. 

Avoiding  a  potential  health  problem. 
We  recognize  that  we  quantitatively  meas¬ 
ured  EA  relative  to  E2  (EC50  or  %RME2) 
using  sensitive  assay  and  extraction  protocols. 
Furthermore,  it  is  almost  impossible  to  gauge 
how  much  EA  anyone  is  exposed  to,  given 


such  unknowns  as  the  number  of  chemicals 
having  EA,  their  relative  EA,  their  release  rate 
under  different  conditions,  and  their  meta¬ 
bolic  degradation  products  or  half-lives  in  vivo. 
In  addition,  the  appropriate  levels  of  EA  in 
males  versus  females  at  different  life  stages  are 
currently  unknown.  Nevertheless,  a)  in  vitro 
data  overwhelmingly  show  that  exposures 
to  chemicals  having  EA  (often  in  very  low 
doses)  change  the  structure  and  function  of 
many  human  cell  types  (Cray  2008);  b)  many 
in  vitro  and  in  vivo  studies  document  in  detail 
cellular/molecular/systemic  mechanisms  by 
which  chemicals  having  EA  produce  changes 
in  various  cells,  organs,  and  behaviors  (Cray 
2008);  and  c)  recent  epidemiological  studies 
(Cray  2008;  Koch  and  Calafat  2009;  Meeker 
et  al.  2009;  Swan  et  al.  2005;  Talsness  et  al. 
2009;  Thompson  et  al.  2009)  strongly  suggest 
that  chemicals  having  EA  produce  measurable 
changes  in  the  health  of  various  human  popu¬ 
lations  (e.g.,  on  the  offspring  of  mothers  given 
diethylstilbestrol,  or  sperm  counts  in  Danish 
males  and  other  groups  correlated  with  BPA 
levels  in  body  tissues). 

Many  scientists  believe  that  it  is  not  appro¬ 
priate  to  bet  our  health  and  that  of  future 
generations  on  an  assumption  that  known 
cellular  effects  of  chemicals  having  EA  released 
from  most  plastics  will  have  no  severe  adverse 
health  effects  (Cray  2008;  Talsness  et  al.  2009; 
Thompson  et  al.  2009).  Because  we  can  iden¬ 
tify  existing,  relatively  inexpensive  monomers 
and  additives  that  do  not  exhibit  EA,  even 
when  stressed,  we  believe  that  plastics  having 
comparable  physical  properties  but  that  do  not 
release  chemicals  having  detectable  EA  could 
be  produced  at  minimal  additional  cost. 
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Selective  Estrogen  Receptor  Modulators  (SERMs)  are  a 
well-established  drug  group  in  medicine.  The  SERMs  are 
also  unique,  as  their  mechanisms  depend  on  differentially 
switching  on  and  switching  off  target  sites  around  a  woman’s  body 
-  selectively  [1]!  Tamoxifen  is  the  pioneering  SERM  [2]  and  the 
first  medicine  to  be  tested  and  approved  for  the  reduction  of  risk 
of  any  cancer  [3].  The  problem  to  be  solved  was  how  to  identify 
and  treat  the  appropriate  high  risk  women  to  reduce  or  eliminate 
their  risk  of  developing  breast  cancer.  The  population  based  mo¬ 
dels  [4]  could  focus  down  on  a  few  thousand  high  risk  women, 
but  breast  carcinogenesis  would  only  be  subverted  in  a  few  dozen. 
These  lucky  few  did  not  know  who  they 
were,  amongst  the  thousands  who  were 
treated  and  who  would  never  get  breast  can¬ 
cer.  Unfortunately,  the  strategy  to  apply  the 
pioneering  SERM,  tamoxifen,  for  popula¬ 
tion  based  chemoprevention  was  flawed  at 
the  outset,  as  laboratory  and  clinical  evi¬ 
dence  predicted  that  there  was  an  elevated 
risk  of  an  increase  in  endometrial  cancer 
for  postmenopausal  women  [5-6].  This  was 
a  slight,  but  significant  risk.  Women  wor¬ 
ried.  A  range  of  other  side  effects  (e.g. 
blood  clots,  cataracts,  menopausal  symp¬ 
toms)  would  also  be  experienced  by  the  many  to  benefit  the  few. 
The  situation  changed  dramatically  with  the  discovery  that  the  two 
“lead”  SERMs,  tamoxifen  and  raloxifene,  maintained  bone  density 
in  laboratory  animals,  but  also  prevented  mammary  carcinogenesis 
[7-8].  Raloxifene  was  also  less  uterotrophic  than  tamoxifen. 
Would  there  be  no  endometrial  risk?  With  the  recognition  of 
SERMs  in  the  1980’s,  a  unique  public  health  strategy  was  possi¬ 
ble. 

The  new  strategy  was  stated  (twice)  in  the  literature,  which 
provided  a  simple  roadmap  for  the  pharmaceutical  industry  to  fol¬ 
low  (eventually!).  Are  we  looking  in  the  wrong  place?  The  majo- 
fity  of  breast  cancer  occurs  unexpectedly  and  from  unknown  ori- 
Great  efforts  are  being  focused  upon  the  identification  of  a 
population  of  high-risk  women  to  test  ''chemopreventive”  agents. 


But  are  resources  being  used  less  than  optimally?  The  problem  is 
much  greater  than  the  current  horizon.  Indeed,  even  if  we  had  the 
best  chemopreventive  for  a  minority  of  selected  women,  the  overall 
impact  on  the  disease  might  be  negligible.  An  alternative  would 
be  to  seize  upon  the  developing  clues  provided  by  an  extensive 
clinical  investigation  of  available  antiestrogens.  Could  analogs  be 
developed  to  treat  osteoporosis  or  even  retard  the  development  of 
atherosclerosis?  If  this  proved  to  be  true,  then  a  majority  of  wo¬ 
men  in  general  could  be  treated  for  these  conditions  as  soon  as 
menopause  occurred.  Should  the  agent  also  retain  antibreast  tu¬ 
mor  actions,  then  it  might  be  expected  to  act  as  a  chemosuppres- 
sive  on  all  developing  breast  cancers  if 
these  have  an  evolution  from  hormone-de¬ 
pendent  to  hormone-independent  disease.  A 
bold  commitment  to  drug  discovery  and  cli¬ 
nical  pharmacology  will  potentially  place 
us  in  a  key  position  to  prevent  the  develop¬ 
ment  of  breast  cancer  by  the  end  of  this 
century  [9]. 

And  subsequently:  Is  this  the  end  of  the  pos¬ 
sible  applications  for  anti-estrogens?  Cer¬ 
tainly  not!  We  have  obtained  valuable  cli¬ 
nical  information  about  this  group  of  drugs 
that  can  be  applied  in  other  disease  states. 
Research  does  not  travel  in  straight  lines  and  observations  in  one 
field  of  science  often  become  major  discoveries  in  another.  Im¬ 
portant  clues  have  been  garnered  about  the  effects  of  tamoxifen 
on  bone  and  lipids  so  it  is  possible  that  derivatives  could  find 
targeted  applications  to  retard  osteoporosis  or  atherosclerosis. 
The  ubiquitous  application  of  novel  compounds  to  prevent  disea¬ 
ses  associated  with  the  progressive  changes  after  menopause  may, 
as  a  side  effect,  significantly  retard  the  development  of  breast 
cancer.  The  target  population  would  be  postmenopausal  women 
in  general,  thereby  avoiding  the  requirement  to  select  a  high  risk 
group  to  prevent  breast  cancer  [10]. 

Today,  new  SERMs  hold  the  promise  of  fulfilling  the  stated 
prediction  from  two  decades  ago.  Lasofoxifene  [11]  for  example, 
is  approved  in  the  E.U.  for  the  prevention  of  osteoporosis  in  os- 


See  biography  page  392. 
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teopenic  women,  but  at  the  same  time,  lasofoxifene  reduces  the 
incidence  of  breast  cancer,  coronary  heart  events,  strokes  and  en¬ 
dometrial  cancer  Raloxifene,  the  pioneering  SERM  to  prevent 
both  breast  cancer  and  osteoporosis  [12-13]  is  not  as  robust  in  its 
SERM  pharmacology  (there  is  no  effect  on  coronary  events  or 
strokes)  as  lasofoxifene.  Remarkably,  lasofoxifene  is  100  times 
more  potent  as  a  SERM;  raloxifene  is  recommended  at  60  mg 
daily  but  lasofoxifene  is  effective  at  0.5  mg  daily! 

With  this  background  of  the  current  success  of  SERMs,  my 
goal  is  to  guide  the  reader  through  an  evolution  of  ideas.  History 
is  often  written  as  the  achievement  of  Dynasties,  But  as  with  Dy¬ 
nasties,  the  dogma  of  the  preceding  Dynasty  in  medicine  must  be 
overcome,  not  by  sudden  force,  but  by  unrelenting  pressure  and 
the  reason  of  evidence.  Only  tenacity  can  change  medicine  through 
ideas  as  the  standard  of  care  is  maintained  and  jealously  guarded 
by  the  Dynasty. 

My  early  catalytic  role  in  the  evolution  of  our  story  is  well- 
documented  in  the  refereed  literature  [2,  14].  Suffice  to  say  as  a 
pharmacologist,  I  had  a  passion  to  develop  drugs  to  treat  cancer. 
But  where  to  start?  By  a  series  of  accidents,  I  met  the  right  people 
at  the  right  time,  but  the  career  choice  to  study  the  pharmacology 
of  nonsteroidal  antiestrogen  for  my  Ph.D.  was  then  seen  as  a  dead 
end.  They  were  failed  contraceptives  and  of  only  academic  inte¬ 
rest.  But  this  was  the  point  of  a  Ph.D.  in  Britain  -  training  in 
research  method  with  a  Medical  Research  Scholarship.  Thus,  we 
enter  the  first  of  our  4  decades. 

The  1970’s:  The  re-invention 

of  tamoxifen  as  the  “gold  standard” 

for  the  treatment  and  prevention  of  breast  cancer 

The  Dynasty  to  be  defeated  in  the  opening  years  of  the  1970’s 
was  combination  cytotoxic  chemotherapy.  Chemotherapy  was 
king,  fresh  from  the  victory  over  childhood  leukemia  and  poised 
to  “MOPP”  up  Hodgkin’s  Disease.  It  was  reasoned  by  the  Dy¬ 
nasty,  if  only  the  right  combination  of  agents  could  be  found  in 
the  lexicon  of  options,  a  cure  was  assured.  No  one  was  advocating 
antihormone  (or  as  it  was  described,  “hormone  therapy”!)  research 
and  treatment. 

I  saw  an  opportunity  to  develop  a  failed  contraceptive,  ICI 
46,474,  further  than  was  believed  originally  it  could  go.  In  1972, 
ICI  46,474  was  abandoned  by  the  pharmaceutical  industry  for 
continuing  clinical  testing  because  there  was  no  profit  to  be 
made.  Nevertheless,  the  meeting  between  me  and  the  Head  of 
the  Fertility  Control  Program,  Arthur  Walpole  (or  “Walop”  as 
he  was  affectionately  known),  proved  to  be  critical  to  our  story. 
He  examined  my  Ph.D.  at  Leeds  University,  but  ensured  I  had 
the  resources  at  the  Worcester  Foundation  in  Shrewsbury,  MA, 
USA  and  Leeds  University,  to  create  a  clinical  strategy  for  this 
orphan  drug.  He  ensured  it  was  put  on  the  market,  now  tell  us 
how  to  use  it!  The  strategy  I  conceived  and  implemented  is  in 
Fig.  1. 

The  strategy  was  based  on  3  principles: 

1)  target  the  tumor  ER  with  tamoxifen; 


2)  give  long  term  adjuvant  tamoxifen  therapy; 

3)  plan  for  chemoprevention. 

All  these  principles  were  unpopular  at  the  outset,  but  persis¬ 
tence  and  hundreds  of  evidence-based  lectures  around  the  world 
to  my  clinical  colleagues  slowly  defeated  the  Dynasty  of  combi¬ 
nation  cytotoxic  chemotherapy  to  cure  breast  cancer.  “Antihor¬ 
mone  therapy”  became  the  treatment  of  choice  with  long  term 
adjuvant  tamoxifen  therapy  targeted  to  the  tumor  ER  (the  first 
targeted  therapy). 

How  bad  was  the  first  Decade  of  Discovery?  If  I  may  be  so 
bold  at  this  point  to  tell  a  story  of  my  friend  and  colleague,  Ste¬ 
ven  E.  Jones,  M.D.  When  I  started  my  international  journey  to 
advocate  my  principles  for  adjuvant  antihormone  therapy,  Steven 
was  in  Arizona,  the  co-Director  of  the  Adjuvant  Therapy  of  Can¬ 
cer  Meeting  in  the  1970’s.  I  was  setting  up  a  Ludwig  Institute 
in  Bern,  Switzerland  and  was  invited  to  present  my  new  ideas 
about  the  use  of  tamoxifen  at  their  1979  meeting.  There  I  was, 
sandwiched  between  the  greats  of  cyotoxic  chemotherapy,  Vince 
DeVita  and  Bemie  Fisher.  I,  in  contrast,  was  advocating  a  stealth 
attack  on  breast  cancer  with  tamoxifen  that  by  comparison  had 
no  side  effects.  Little  hope,  one  would  think,  but  the  plan  suc¬ 
ceeded.  Two  decades  later,  Steven  Jones  rose  at  a  meeting  in 
Washington  and  started  his  talk  by  declaring,  “Craig  Jordan  was 
correct.”  Through  the  clinical  trials  mechanism,  it  is  now  proven 
that  long  term  (5  years)  adjuvant  tamoxifen  treatment  targeted  to 
the  tumor  ER  has  enhanced  the  survival  of  millions  of  women 
worldwide  [15].  An  orphan  drug  that  is  cheap  and  easy  to  ad¬ 
minister  has  and  continues  to  save  hundreds  of  thousands  of  lives 
annually. 

Now  our  story  changes  to  the  second  decade  with  the  “new” 
fashion  in  oncology  -  chemoprevention. 

TAMOXIFEN 

(A  FAILED  CONTRACEPTIVE  FROM  THE  1960s) 


TREATMENT  PREVENTION 

Fig.  1.  The  translational  development  of  tamoxifen  for  breast  cancer.  Tamoxifen,  was  originally  a  failed 
oral  contraceptive,  ICI  46,474,  that  was  abandoned  by  the  pharmaceutical  industry  in  1972.  The  suc¬ 
cessful  development  of  tamoxifen  required  three  key  components:  1)  target  the  tumor  ER  with  tamoxifen 
2)  give  long  term  adjuvant  tamoxifen  therapy  3)  plan  for  chemoprevention.  As  a  result  of  targeting 
the  tumor  ER  with  tamoxifen,  antihormone  therapy  became  the  treatment  of  choice  for  long  term 
adjuvant  tamoxifen  therapy.  This  has  been  successfully  validated  through  clinical  trials  [15]  and  in  turn 
has  saved  the  lives  of  millions  of  women  around  the  world. 
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Table  1 .  Decades  of  Discovery 

•  The  1970's:  The  re-invention  of  tamoxifen  as  the  "gold  standard"  for  the  treatment  and 
prevention  of  breast  cancer. 

•  The  1980's:SERMs  surface. 

•  The  1990's:  Raloxifene's  Promise  is  a  Reality. 

•  The  2000's:  Estrogen-induced  apoptosis? 


The  1980’s:  SERMs  surface 

The  idea  of  preventing  cancer  became  popular  in  the  1980’ s. 
This  is  a  noble  goal  and  one  of  the  primary  goals  of  cancer 
research,  but  the  goal  has  proved  hard  to  address.  The  idea  as 
applied  to  breast  cancer  has  its  origin  with  the  French  Scientist, 
Professor  Antoine  Lacassagne,  who  stated,  at  his  lecture  at  the 
Annual  Meeting  of  the  American  Association  for  Cancer  Re¬ 
search  in  Boston  (1936):  ''If  one  accepts  the  consideration  of 
adenocarcinoma  of  the  breast  as  a  consequence  of  a  special 
herfditary  sensibility  to  the  proliferative  action  of  oestrone,  one 
is  led  to  imagine  a  therapeutic  preventive  for  subjects  predis¬ 
posed  by  their  heredity  to  this  cancer...''  [16].  However,  La¬ 
cassagne’ s  evidence  was  based  on  oophorectomy  of  mice  from 
strains  that  develop  a  high  incidence  of  mammary  cancer  and 
there  were  no  mechanisms  or  compounds  to  advance  and  ad¬ 
dress  the  question.  This  would  have  to  wait  another  quarter 
century  with  the  serendipitous  discovery  of  the  nonsteroidal 
antiestrogens  [10]. 

Tamoxifen  was  advanced  for  testing  as  a  potential  chemopre- 
ventive  for  breast  cancer  in  the  early  1980’s  based  on  three  facts: 

1)  There  was  laboratory  evidence  that  tamoxifen  would  pre¬ 
vent  rat  mammary  carcinogenesis  [17-19]. 

2)  Tamoxifen  was  becoming  widely  used  in  medicine  to  treat 
breast  cancer  so,  it  was  argued  that  side  effects  were  known  and 
anticipated.  This  was  not  really  true,  as  it  took  translational  re¬ 
search  [5]  to  draw  the  attention  of  the  clinical  community  of  the 
small  risk  of  endometrial  cancer  [6]. 

3)  Tamoxifen,  when  used  as  an  adjuvant  therapy  reduced  the 
incidence  of  contralateral  breast  cancer  [20]. 

Nevertheless,  there  was  a  major  toxicological  (and  ethical  is¬ 
sue)  with  treating  well  women  with  a  drug  classified  as  a  “nons¬ 
teroidal  antiestrogen”  [21],  If,  as  was  believed  at  the  time,  estrogen 
was  good  to  build  bone  and  to  reduce  the  risk  of  coronary  heart 
disease,  what  would  be  the  value  of  the  chemoprevention  strategy 
that  prevents  breast  cancer  but  condemns  women  to  an  elevated 
risk  of  crushing  osteoporosis  or  fatal  coronary  heart  disease.  To 
address  the  concern,  laboratory  studies  were  initiated  to  evaluate 
the  pharmacology  of  tamoxifen  on  estrogen  target  tissues. 

Studies  in  rats  demonstrated  that  both  tamoxifen  and  the  failed 
and  discontinued  breast  cancer  drug,  raloxifene  (then  known  as 
keoxifene)  [22],  both  maintained  bone  density  in  ovariectomized 
rats  [7]  and  prevented  rat  mammary  carcinogenesis  [8].  However, 
raloxifene  was  not  as  effective  as  tamoxifen,  probably  because  of 
poor  pharmacodynamics,  i.e.  raloxifene  does  not  accumulate,  is 
rapidly  excreted  and  there  is  only  2%  bioavailability  by  the  oral 
route  of  administration  [23].  This  pharmacological  fact  was  to 


recur  clinically  following  clinical  trials  20  years  later  (see  next 
section). 

A  pattern  was  emerging  in  the  mid  1980’s  concerning  the  phar¬ 
macology  of  the  nonsteroidal  antiestrogens  clomiphene,  tamoxifen 
and  raloxifene.  The  facts  that  lead  to  the  SERM  concept  being 
described  in  my  laboratory  can  now  be  summarized. 

1)  Clomiphene,  a  mixture  of  estrogenic  cis  and  antiestrogenic 
trans  geometric  isomers,  has  bone  preserving  properties  in  the 
ovariectomized  rat  [24].  Clomiphene  had  been  tested  as  a  breast 
cancer  drug  in  patients  [25],  but  the  manufacturer  declined  to  ad¬ 
vance  development  based  on  potential  problems  with  cholesterol 
metabolism  and  a  concern  about  cataracts.  The  drug  remained  the 
gold  standard  for  the  induction  of  ovulation  where  only  give  day 
courses  were  given  [26]. 

2)  The  fact  that  clomiphene  was  an  impure  mixture  of  estro¬ 
genic  and  antiestrogenic  isomers  made  the  bone  preserving  effects 
uncertain.  The  estrogenic  isomer  might  have  been  the  favored 
pharmacologic  agent  at  bone.  In  contrast,  tamoxifen  is  the  pure 
antiestrogenic  trans  isomer  that  preserves  bone  [7]  and  raloxifene 
is  a  fixed  ring  structure  that  is  exclusively  antiestrogenic  (very 
weakly  estrogenic)  in  the  uterus,  but  estrogenic  in  bone  [7]. 

3)  Both  tamoxifen  and  raloxifene  are  antitumor  agents  in  rat 
mammary  carcinogenesis  [8]. 

4)  Tamoxifen  stimulates  endometrial  cancer  growth  (and 
mouse  uterine  growth)  but  blocks  estradiol-stimulated  growth  of 
breast  cancer  transplanted  in  the  same  immune  deficient  animal 
[5,  27].  This  experiment  demonstrates  target  site  specificity. 

5)  Tamoxifen  lowers  circulating  cholesterol  in  the  rat  [28]  and 
this  property  was  included  in  the  initial  patent  application  which 
read:  "The  alkene  derivatives  of  the  invention  are  useful  for  the 
modification  of  the  endocrine  status  in  man  and  animals  and  they 
may  be  useful  for  the  control  of  hormone-dependent  tumours  or 
for  the  management  of  the  sexual  cycle  and  aberrations  thereof. 
They  also  have  useful  hypocholesterolaemic  activity"  [2]. 

The  claims  as  a  breast  cancer  drug  were  denied  and  required 
to  be  omitted  in  the  United  States  until  eventually  a  patent  was 
awarded  in  1985  in  the  Court  of  Appeals.  In  other  words,  tamoxi¬ 
fen  was  tested  and  marketed  in  America  initially  without  patent 
protection  for  a  dozen  years.  But,  nobody  cared,  as  there  was  little 
possibility  of  success,  either  as  a  therapy  or  commercially  (or  so 
everybody  thought!). 

Thus,  based  on  all  these  data,  primarily  from  my  laboratory, 
the  SERM  concept  surfaced  and  the  roadmap  for  clinical  de¬ 
velopment  started  as  noted  previously  [9-10].  These  data  were 
the  scientific  basis  of  the  Wisconsin  Tamoxifen  Study  initiated 
in  the  late  1980’s  to  evaluate  the  pharmacology  of  tamoxifen  on 
bone  density  and  circulating  cholesterol.  It  was  the  proven  cli¬ 
nical  translation  of  the  tamoxifen  (SERM)  concept  to  preserve 
bone  density  [29]  and  lower  circulating  cholesterol  [30-31]  that 
awakened  the  sleeping  pharmaceutical  industry  to  develop  ra¬ 
loxifene  to  prevent  and  treat  osteoporosis  in  postmenopausal  wo¬ 
men.  This  started  with  the  “magical”  patenting  in  1992  of  ra¬ 
loxifene  for  this  indication  [22]  and  the  publication  of  laboratory 
studies  confirming  my  work  on  the  SERM  actions  of  raloxifene 
in  rats  [32]. 
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The  1990’s:  Raloxifene’s  Promise  is  a  Reality 

During  the  1990’s,  I  transitioned  from  my  focus  on  laboratory 
investigations  with  SERMs  to  a  role  of  “scientific  resource”  for 
major  clinical  trials.  I  was  invited  by  Eli  Lilly  to  chair  their  On¬ 
cology  Advisory  Committee,  which  had  responsibilities  to  adju¬ 
dicate  breast  cancer  detection  in  their  initial  osteoporosis  trial, 
Multiple  Outcomes  with  Raloxifene  Evaluation  (MORE).  Subse¬ 
quently,  Dr.  Norman  Wolmark  would  invite  me  to  be  the  scientific 
chair  of  the  largest  breast  chemoprevention  study  -  the  Study  of 
Tamoxifen  and  Raloxifene  (STAR), 

The  MORE  trial  recruited  7,705  postmenopausal  women  with 
osteoporosis  to  be  randomized  to  placebo,  60  or  120  mg  raloxifene 
daily.  Raloxifene  reduced  fractures  of  the  spine  by  40%  over  the 
initial  3  year  evaluation  period  [12].  In  our  parallel  evaluation  of 
the  incidence  of  breast  cancer,  there  was  a  significant  decrease  in 
the  incidence  of  ER-positive  breast  cancer  by  70%  with  no  in¬ 
crease  in  endometrial  cancer  [12],  The  laboratory  concept  of 
SERMs  [10]  translated  to  the  clinic.  Women  being  treated  for 
osteoporosis  would  develop  less  breast  cancer  if  they  took  raloxi¬ 
fene.  But  here  was  an  important  pharmacological  point  -  it  was 
proved  that  they  must  keep  taking  raloxifene  to  obtain  benefit. 
This  laboratory  principle  noted  with  rapidly  excreted  SERMs  in 
the  1980’s  [8,  18]  was  to  emerge  as  a  clinical  fact  from  the  STAR 
trial  after  treatment  stopped  (see  later). 

What  happened  to  tamoxifen  in  chemoprevention.  Professor 
Trevor  Powles  initiated  the  first  pilot  toxicity  study  of  tamoxifen 
in  high  risk  women  in  the  early  1980’ s  [33],  but  it  was  Dr.  Bernard 
Fisher  who  successfully  conducted  the  first  randomized  placebo 
controlled  clinical  chemoprevention  trial  of  tamoxifen  in  women 
at  high  risk  for  breast  cancer.  All  preclinical  predictors  were  con¬ 
firmed-tamoxifen  reduced  the  incidence  of  breast  cancer,  increa¬ 
sed  the  incidence  of  endometrial  in  postmenopausal  women  and 
there  was  a  decrease,  though  not  significant  in  fracture  rate  [3, 
34].  Unanticipated  information  (though  prior  clinical  studies  sug¬ 
gested  an  effect)  was  an  increase  in  operations  for  cataracts.  The 
other  fact  consistent  with  the  overview  analysis  of  clinical  trial 
for  adjuvant  therapeutic  tamoxifen  [15]  was  that  tamoxifen  alone 
caused  a  long  term  beneficial  effect  to  suppress  the  development 
of  breast  cancer  more  than  a  decade  after  tamoxifen  therapy  stop¬ 
ped  [35].  We  will  return  to  the  science  behind  this  observation 
plater.  The  fact,  as  we  noted,  that  tamoxifen  increased  endometrial 
cancer  in  postmenopausal  women,  now  caused  a  turn  to  raloxifene, 
that  had  no  increased  endometrial  cancer  in  MORE  [12]. 

The  STAR  Trial  pitted  tamoxifen  20  mg  daily  against  raloxi¬ 
fene  60  mg  daily  for  5  years  to  compare  and  contrast  efficacy  and 
side  effects  for  the  reduction  of  breast  cancer  incidence  in  high 
risk  postmenopausal  women.  As  an  aside,  I  was  often  asked  how 
I  would  feel  if  raloxifene  was  found  to  be  superior  to  tamoxifen. 
Happy  -  as  the  science  of  both  drugs  came  from  my  laboratory 
and  both  drugs  had  to  be  reinvented  as  useful  medicine  after  being 
essentially  discarded  by  industry:  tamoxifen,  a  failed  contraceptive 
and  raloxifene,  a  failed  breast  cancer  drug.  The  first  analysis  of 
the  STAR  Trial  showed  equivalent  efficacy  to  reduce  the  inci¬ 
dence  of  breast  cancer  by  50%  [13].  However,  side  effects  were 


reduced  with  raloxifene.  In  particular,  there  was  less  endometrial 
hyperplasia  with  raloxifene  and  fewer  hysterectomies.  Operations 
for  cataracts  were  lower  on  raloxifene.  This  analysis  was  conduc¬ 
ted  during  raloxifene  therapy  [13],  but  the  subsequent  analysis 
conducted  after  therapy  had  stopped  [36]  demonstrated  tamoxifen 
had  a  sustained  antitumor  action  whereas  there  was  a  reduced 
(75%)  efficacy  for  raloxifene.  The  drugs  were  different  with  their 
pharmacology  and  raloxifene  must  be  given  indefinitely. 

We  conclude  that  the  fact  that  raloxifene  is  a  drug  with  low 
bioavailability  and  therefore  the  pharmacodynamics  to  concentrate 
at  the  target  site  -  the  effect  on  the  breast  tissue  is  reduced.  If 
sustained,  local  concentrations  of  tamoxifen  and  raloxifene  are 
different  and  the  elevated  concentrations  of  tamoxifen  drive  cell 
population  to  evolve  differently  than  those  exposed  to  low  levels 
of  raloxifene,  there  will  be,  therefore,  consequences  for  tumori- 
genesis  and  the  evolution  of  drug  resistance.  We  hypothesize  that 
the  low  levels  of  raloxifene  remain  therapeutically  “antiestroge¬ 
nic”  for  the  duration  of  therapy,  but  the  endogenous  estrogen  from 
the  woman’s  own  body  causes  nascent  tumor  regrowth. 

In  contrast,  the  sustained  high  concentrations  of  tamoxifen  lo¬ 
cally  in  the  breast  causes  a  change  in  the  evolution  of  the  breast 
cancer  cell  population  that  in  some  way  leaves  an  “antitumor  me¬ 
mory”  for  years  after  therapy  stops  -  but  how?  This  leads  us  to 
the  final  decade  of  discovery:  estrogen-induced  apoptosis. 

The  2000’s:  Estrogen-induced  apoptosis? 

The  first  chemical  therapy  to  treat  any  cancer  successfully  was 
the  use  of  high  dose  estrogen  therapy  to  treat  metastatic  breast 
cancer  in  postmenopausal  patients  [37].  High  dose  estrogen  the¬ 
rapy  became  the  standard  of  care  until  the  introduction  of  tamoxi¬ 
fen  in  the  1970’s  [10,  38].  At  the  end  of  his  career.  Sir  Alexander 
Haddow  FRS,  presented  the  inaugural  Kamofsky  Lecture,  where 
he  expressed  his  disappointment  about  the  lack  of  progress  in 
understanding  mechanisms:  extraordinary  extent  of  tumour 

regression  observed  in  perhaps  1%  of  post-menopausal  cases 
(with  oestrogen)  has  always  been  regarded  as  of  major  theoretical 
importance,  and  it  is  a  matter  for  some  disappointment  that  so 
much  of  the  underlying  mechanisms  continues  to  elude  us,.,  ”  [39]. 
What  was  known  was  that  the  high  dose  estrogen  therapy  was 
more  effective  as  a  breast  cancer  treatment  the  further  away  the 
patient  was  from  the  menopause,  but  why? 

The  advance  in  our  understanding  was  to  await  an  examination 
of  model  systems  in  the  laboratory  to  decipher  the  mechanisms  of 
antihormone  drug  resistance  (Fig.  2).  The  whole  topic  has  recently 
been  summarized  [40],  but  the  facts  must  be  stated  to  illustrate 
how  transparency  in  nature  can  occur  through  unanticipated  results 
in  another  area  of  research. 

The  first  transplantable  model  of  resistance  to  long  term  ta¬ 
moxifen  therapy  demonstrated  unique  qualities.  Acquired  resis¬ 
tance  is  evidenced  by  tamoxifen-stimulated  (actually  SERM-sti- 
mulated  as  it  turns  out)  growth.  Tumors  grow  because  of 
tamoxifen,  not  in  spite  of  tamoxifen,  as  occurs  with  all  other  anti¬ 
cancer  agents.  What  was  even  more  surprising  was  the  fact  that 
when  tamoxifen  treatment  is  stopped,  then  estrogen  again  can 
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Fig.  2.  The  evolution  of  drug  resistance  to  SERMs.  Acquired  resistance  occurs  during  long-term  treatment 
with  a  SERM  and  is  evidenced  by  SERM-stimulated  breast  tumor  growth.  Tumors  also  continue  to 
exploit  estrogen  for  growth  when  the  SERM  is  stopped,  so  a  dual  signal  transduction  process  develops. 
The  pure  antiestrogen,  fulvestrant,  destroys  the  ER  and  prevents  tumor  growth  in  SERM-resistant  disease. 
This  phase  of  drug  resistance  is  referred  to  as  Phase  I  resistance.  Continued  exposure  to  a  SERM  results 
in  continued  SERM-stimulated  growth  (Phase  II),  but  eventually  autonomous  growth  occurs  that  is 
unresponsive  to  fulvestrant  or  aromatase  inhibitors.  The  event  that  distinguishes  Phase  I  from  Phase  II 
acquired  resistance  is  a  remarkable  switching  mechanism  that  now  causes  apoptosis,  rather  than  growth, 
with  physiologic  levels  of  estrogen.  These  distinct  phases  of  laboratory  drug  resistance  have  their  clinical 
parallels  and  this  new  knowledge  is  being  integrated  into  the  treatment  plan. 

stimulate  growth.  This  model  replicates  tamoxifen  resistance  du¬ 
ring  the  treatment  of  ER-positive  metastatic  breast  cancer;  resis¬ 
tance  occurs  within  a  couple  of  years,  estrogen  or  tamoxifen  is 
required  for  continued  growth  and  estrogen  withdrawal  or  fulves¬ 
trant  (the  pure  antiestrogen  that  causes  destruction  of  the  ER)  is 
an  appropriate  second  line  therapy.  What  the  model  of  acquired 
resistance  did  not  do  was  explain  how  it  was  possible  to  use  5  years 
of  adjuvant  tamoxifen  therapy  to  treat  patients  selectively.  If  the 
laboratory  model  was  correct,  and  had  been  available  at  the  time 
long  term  adjuvant  therapy  was  planned  as  a  treatment  strategy, 
then  no  one  would  consider  treatment  longer  than  a  year  for  ad¬ 
juvant  antihormone  therapy.  It  would  obviously  be  dangerous  for 
patients.  The  same  argument  was  used  in  the  1970’s  by  the  clinical 
community.  Tamoxifen  cannot  control  metastatic  breast  cancer  on 
average,  more  than  2  years,  so  one  cannot  give  long  term  (greater 
than  5  years)  adjuvant  tamoxifen.  We  were  missing  something 
fundamental  about  the  biology  of  micrometastatic  breast  cancer 
exposed  to  long  term  tamoxifen  therapy. 

The  breakthrough  in  understanding  came  through  serendipity 
and  as  always,  with  outstanding  graduate  students  with  exceptio¬ 
nal  laboratory  skills.  The  model  of  acquired  resistance  to  tamoxi¬ 
fen  could  only  only  be  maintained  by  serial  transplantation  in 
successive  generations  of  tamoxifen-treated  athymic  mice.  We 
were  unable  to  transfer  the^  tumors  to  cell  culture  for  study,  so  the 
expense  of  preserving  the  only  naturally  developed  model  of  re¬ 
sistance  to  tamoxifen  had  to  be  bom.  That,  as  it  turned  out,  was 
the  good,  new  and  an  opportunity  for  future  discovery. 

The  acquired  dmg  resistance  to  tamoxifen  evolves  in  an  envi¬ 
ronment  of  tamoxifen  (Fig.  2).  Retransplantation  of  tumor  into 


further  tamoxifen  treated  mice  causes  adapted  cell  populations  to 
develop  rather  than  rely  entirely  on  tamoxifen  for  growth  (Phase  I), 
but  as  the  survival  networks  become  reconfigured,  a  vulnerability 
emerges  (Phase  II).  After  5  years  of  exposure  to  tamoxifen,  the 
resulting  tumor  no  longer  sees  estrogen  as  a  survival  signal,  but 
as  an  apoptotic  trigger  (Phase  II). 

In  1992,  these  data  were  presented  for  the  first  time  at  the  St. 
Gallen  Breast  Cancer  Conference  [41].  The  hypothesis  advanced 
was  that  the  termination  of  tamoxifen,  at  the  correct  time,  was 
important  for  the  woman’s  own  estrogen  to  destroy  the  microfoci 
of  appropriately  prepared  target  cells.  This  new  biology  of  phy¬ 
siologic  estrogen  causing  apoptosis  was  the  reason  for  the  enhan¬ 
ced  survivorship  of  patients  treated  with  a  full  5  years  of  tamoxi¬ 
fen.  As  a  result,  a  shift  in  thinking  occurred  and  the  clinical  trials 
community  subsequently  exploited  the  concept,  now  published  in 
the  refereed  literature  [42],  that  therapeutic  estrogen  or  indeed 
“physiologic  estrogen”  in  the  form  of  low  dose  estrogen  replace¬ 
ment  therapy  (ERT)  could  cause  the  correctly  configured  tumors 
with  acquired  antihormone  resistance  to  regress  [43-44].  The  Es¬ 
trogen  Dynasty  originally  deposed,  struck  back.  Nature  answered 
as  well.  Today,  there  is  much  interest  in  the  paradoxical  actions 
of  physiologic  estradiol  in  breast  cancer  [45-46].  Recent  results 
from  the  Women’s  Health  Initiative  demonstrate  a  reduction  in 
the  incidence  of  breast  cancer  for  hysterectomized,  postmenopau¬ 
sal  women  who  take  long  term  estrogen  replacement  therapy  [47]. 
Like  our  tamoxifen  story,  the  effects  persist  for  years  following 
stopping  ERT  [48].  Practical  advances,  not  only  in  the  therapy  of 
cancer,  but  preemptively  in  “natural”  chemoprevention  may  result 
from  these  findings  in  the  future. 

In  summary,  I  have  mapped  out  the  Decades  of  Discovery  that 
emerged  from  a  single  quest  some  40  years  ago  -  to  develop  a 
drug  useful  for  the  treatment  and  prevention  of  breast  cancer.  At 
the  time,  I  could  count  on  the  fingers  of  one  hand,  the  people  who 
were  interested  in  the  quest.  No  one  cared,  and  it  was  not  going 
to  happen.  But  science  is  not  like  that;  as  in  politics,  ideas  have 
their  time  but  it  is  really  about  people  and  a  passion  to  keep  the 
flame  of  truth  alight.  I  am  immensely  grateful  to  Professor  Hans- 
Jorg  Senn  and  his  Committee  for  selecting  me  to  receive  the  St. 
Gallen  Prize  for  Advances  in  Breast  Cancer  Research.  Thanks  also 
go  to  my  friends  and  colleagues  Aron  Goldhirsch  and  Richard 
Gelber.  We  all  started  our  personal  journeys  together  in  Bern, 
Switzerland  in  the  late  1970’ s  and  we  remain  older  friends  and 
colleagues  to  this  day.  Most  importantly,  I  thank  the  40  years  of 
“Tamoxifen  Teams”  that  worked  and  trained  with  me  in  my  la¬ 
boratories  in  Leeds  University  (UK),  WFEB  (US),  Ludwig  Insti¬ 
tute  for  Cancer  Research,  Bern  (Switzerland),  University  of  Wis¬ 
consin  (Madison),  Northwestern  University  (Chicago),  Fox  Chase 
Cancer  Center  (Philadelphia)  and  the  Lombardi  Comprehensive 
Cancer  Center  (Washington,  DC).  I  had  the  privilege  to  guide  their 
lives  and  they  turned  the  ideas  we  conceived  into  lives  saved 
around  the  world. 

The  quotation  in  the  heading  of  this  Editorial  was  the  one  I 
used  to  open  my  Prize  Lecture  in  St.  Gallen,  16  March  2011:  ‘7 
have  but  one  lamp  by  which  my  feet  are  guided,  and  that  is  the 
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lamp  of  experience.  I  know  no  way  of  judging  of  the  future  but  by 
the  post''  (Patrick  Henry,  the  First  Elected  Governor  of  Virginia, 
1775).  My  lamp  was  tamoxifen.  However,  this  journey,  as  I  hope 

I  have  illustrated,  is  so  much  more  than  the  successful  develop¬ 
ment  of  tamoxifen  for  the  adjuvant  treatment  of  breast  cancer.  It 
is  about  a  way  of  constructing  a  conversation  with  nature  with  the 
goal  of  defeating  a  powerful  enemy  within  us  -  cancer. 
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The  successful  translation  of  the  scientific  principles  of  targeting  the  breast  tumour  oestrogen 
receptor  (ER)  with  the  nonsteroidal  anti-oestrogen  tamoxifen  and  using  extended  durations  (at  least 
5  years)  of  adjuvant  therapy,  dramatically  increased  patient  survivorship  and  significantly  enhanced 
a  drop  in  national  mortality  rates  from  breast  cancer.  The  principles  are  the  same  for  the  validation 
of  aromatase  inhibitors  to  treat  post-menopausal  patients  but  tamoxifen  remains  a  cheap,  life¬ 
saving  medicine  for  the  pre-menopausal  patient.  Results  from  the  Oxford  Overview  Analysis 
illustrate  the  scientific  principle  of  "longer  is  better"  for  adjuvant  therapy  in  pre-menopausal 
patients.  One  year  of  adjuvant  therapy  is  ineffective  at  preventing  disease  recurrence  or  reducing 
mortality,  whereas  five  years  of  adjuvant  tamoxifen  reduces  recurrence  by  50%  which  is  maintained 
for  a  further  ten  years  after  treatment  stops.  Mortality  is  reduced  but  the  magnitude  continues  to 
increase  to  30%  over  a  15-year  period.  With  this  clinical  database,  it  is  now  possible  to  implement 
simple  solutions  to  enhance  survivorship.  Compliance  with  long-term  anti-hormone  adjuvant 
therapy  is  critical.  In  this  regard,  the  use  of  selective  serotonin  reuptake  inhibitors  (SSRIs)  to 
reduce  severe  menopausal  side  effects  may  be  inappropriate.  It  is  known  that  SSRIs  block  the 
CYP2D6  enzyme  that  metabolically  activates  tamoxifen  to  its  potent  anti-oestrogenic  metabolite, 
endoxifen.  The  selective  norepinephrine  reuptake  inhibitor,  venlafaxine,  does  not  block  CYP2D6, 
and  may  be  a  better  choice.  Nevertheless,  even  with  perfect  compliance,  the  relentless  drive  of  the 
breast  cancer  cell  to  acquire  resistance  to  therapy  persists.  The  clinical  application  of  long-term 
anti-hormonal  therapy  for  the  early  treatment  and  prevention  of  breast  cancer,  focused  laboratory 
research  on  the  discovery  of  mechanisms  involved  in  acquired  anti-hormone  resistance.  Decades 
of  laboratory  study  to  reproduce  clinical  experience  described  not  only  the  unique  mechanism  of 
selective  ER  modulator  (SERM)-stimulated  breast  cancer  growth,  but  also  a  new  apoptotic  biology  of 
oestradiol  action  in  breast  cancer,  following  5  years  of  anti-hormonal  treatment.  Oestradiol-induced 
apoptotic  therapy  is  currently  shown  to  be  successful  for  the  short-term  treatment  of  metastatic 
ER  positive  breast  cancer  following  exhaustive  treatment  with  anti-hormones.  The  "oestrogen 
purge"  concept  is  now  being  integrated  into  trials  of  long-term  adjuvant  anti-hormone  therapy.  The 
Study  of  Letrazole  Extension  (SOLE)  trial  employs  "anti-hormonal  drug  holidays"  so  that  a  woman’s 
own  oestrogen  may  periodically  purge  and  kill  the  nascent  sensitized  breast  cancer  cells  that  are 
developing.  This  is  the  translation  of  an  idea  first  proposed  at  the  1992  St.  Gallen  Conference. 
Although  tamoxifen  is  the  first  successful  targeted  therapy  in  cancer,  the  pioneering  medicine 
is  more  than  that.  A  study  of  the  pharmacology  of  tamoxifen  opened  the  door  for  a  pioneering 
application  in  cancer  chemoprevention  and  created  a  new  drug  group;  the  SERMs,  with  group 
members  (raloxifene  and  lasofoxifene)  approved  for  the  treatment  and  prevention  of  osteoporosis 
with  a  simultaneous  reduction  of  breast  cancer  risk.  Thus,  the  combined  strategies  of  long-term 
anti-hormone  adjuvant  therapy,  targeted  to  the  breast  tumour  ER,  coupled  with  the  expanding 
use  of  SERMs  to  prevent  osteoporosis  and  prevent  breast  cancer  as  a  beneficial  side  effect,  have 
advanced  patient  survivorship  significantly  and  promise  to  reduce  breast  cancer  incidence. 
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Simple  solutions  to  enhance  survival 

It  seems  obvious  but  it  must  be  stated.  The  past  30  years 
of  successful  translational  research  is  without  value  if  an 
infrastructure  does  not  exist  to  ensure  that  a  patients  treatment 
is  maintained  when  the  medicine  has  proven  value  to  aid  survival 
from  breast  cancer.  A  medical  team  is  available  to  support  a 
patients  needs  but  there  must  be  a  refocus  of  the  team  to 
relearn  basic  principles:  chronic  therapy  that  requires  years  to 
provide  benefit  is  worthless  if  the  patients  will  not  follow  the 
regimen.  This  act  will  dramatically  reduce  their  potential  for 
survival.  The  fashion  over  the  past  four  decades,  for  evidence  based 
medicine,  requires  effective  delivery.  Significantly,  delivery  is  a 
minor  commitment  compared  to  the  effort  behind  discovering  and 
proving  the  efficiency  of  a  medicine  in  prospective  clinical  trials. 

Based  on  the  published  evidence,  several  general  principles  are 
emerging  about  compliance.  A  recent  analysis  of  anti-hormone 
therapy  conducted  in  patients  enrolled  in  the  Kaiser  Permanente 
of  Northern  California  health  system,*^  revealed  that  approximately 
30%  of  all  patients  discontinued  either  AI  or  tamoxifen  early  but 
of  those  who  did  continue,  70%  were  fully  adherent  for  up  to 
5  years.  Thus,  only  49%  overall  are  adherent  for  the  full  course 
of  adjuvant  anti-hormonal  therapy.  Predictors  of  non-adherence 
were  African-American  race,  lumpectomy,  unknown  tumour  site, 
lymph  node  involvement  and  other  co-morbidities.  Adherence 
was  associated  with  Asian/Pacific  Island  ethnicity,  married, 
earlier  years  of  diagnosis  (tamoxifen  era),  prior  chemotherapy, 
radiation  therapy  and  longer  prescription  refills.  These  and  similar 
findings^^^o  describe  the  extent  of  the  problem  but  noncompliance 
with  effective  therapeutic  agents  also  increases  recurrence  and 
mortality.2^-23 

Another  significant  finding  of  the  Hershman  study^®  was  that 
young  women  under  40-years  old  were  more  likely  to  discontinue 
anti-hormone  therapy.  This  group  would  be  prescribed  tamoxifen 
but  reasons  for  stopping  could  be  because  the  women  chose  to 
start  a  family  or  the  menopausal  side  effects  were  too  severe.  In 
regard  to  the  latter,  many  women  have  been  routinely  prescribed 
selective  serotonin  reuptake  inhibitors  (SSRIs)  over  the  past  decade 
to  reduce  menopausal  side  effects.  Members  of  this  drug  group 
block  the  CYP2D6  enzyme  that  metabolically  activates  tamoxifen  to 
the  potent  anti-oestrogen  endoxifen.  thereby  (Fig.  2)  impairing  full 
drug  benefit  (Fig.  3).^'^  However,  it  must  be  stressed  that  not  all  SSRIs 


Fig.  2.  The  metabolic  activation  of  tamoxifen  with  a  low  affinity  to  the  tumour 
oestrogen  receptor  by  the  P450  enzyme  CYP2D6  enzyme  to  endoxifen  with  a  high 
affinity  for  the  tumour  oestrogen  receptor. 
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Fig.  3.  The  metabolism  of  tamoxifen  to  4-hydroxytamoxifen,  a  metabolite  with 
a  high  affini^  for  the  oestrogen  receptor.  Tamoxifen’s  major  metabolite  is 
N-desmethyl tamoxifen  that  has  a  similar  binding  affinity  to  the  oestrogen 
receptors  as  tamoxifen.  However.  N-desmethyltamoxifen  is  metabolically  activated 
to  endoxifen,  with  a  high  binding  affinity  for  the  oestrogen  receptor.  The  selective 
serotonin  re-uptake  inhibitors  (SSRIs),  paroxetine  and  fluoxetine  block  the  metabolic 
activation  of  tamoxifen  by  blocking  CYP2D6.  Venlafaxine,  a  selective  norepinephrine 
re-uptake  inhibitor  (SNRI),  does  not  affect  tamoxifen's  metabolic  activation,  and 
therefore  is  the  preferred  choice  to  treat  menopausal  symptoms  experienced  with 
tamoxifen. 

have  the  same  ability  to  block  tamoxifen  metabolism  and  as  a  result, 
studies  that  group  all  SSRIs  together  are  not  uniformly  consistent 
with  the  hypothesis.^^'^®  Nevertheless,  the  recent  Canadian  study  of 
co-prescription  of  various  SSRIs  and  the  selective  norepinephrine 
reuptake  inhibitor  (SNRI)  venlafaxine  does  implicate  paroxitene  as 
increasing  mortality  during  tamoxifen  treatment  and  venlafaxine 
decreases  mortality.^^  Overall,  enhancing  compliance  and  avoiding 
SSRIs  that  block  CYP26D  will  significantly  increase  the  chances  of 
patient  survival.  That  being  said,  the  next  issue  to  address  is  anti¬ 
hormone  drug  resistance. 

Anti-hormonal  drug  resistance  can  be  manifest  in  two  forms 
for  the  ER  positive  tumour:  intrinsic  resistance  where  the 
tumour  does  not  respond  at  all  to  anti-hormone  therapy,  despite 
being  ER  positive,  and  acquired  anti-hormone  therapy  where  the 
tumour  initially  responds  to  anti-hormone  therapy  but  then  grows 
despite  the  continuing  treatment  Much  effort  has  focused  on 
an  understanding  of  the  molecular  mechanism  of  intrinsic  anti¬ 
hormone  resistance  and  it  seems  that  cross-talk  between  growth 
factor  receptors  and  the  low  levels  of  ER  have  essentially  made 
the  ER  irrelevant  for  cell  survival.  No  scientific  advance  has  yet 
reversed  intrinsic  resistance  and  aided  patients.  In  contrast,  there 
have  been  significant  advances  in  understanding  acquired  anti¬ 
hormone  resistance  in  the  laboratory  and  these  emerging  data  have 
been  translated  to  clinical  practice. 


The  challenge:  acquired  drug  resistance 

Clinical  experience  with  the  successful  application  of  long-term 
tamoxifen  as  an  adjuvant  therapy  produced  a  clear  survival 
advantage  for  patients.^®  Unselected  patients  treated  for  5  years 
with  adjuvant  tamoxifen  lived  longer  than  patients  in  the  non¬ 
treatment  (placebo)  arm  but  who  were  treated  with  tamoxifen  at 
first  recurrence  as  they  had  metastatic  breast  cancer.  The  clinical 
results  with  successful  adjuvant  tamoxifen  therapy  demonstrated^® 
that  our  understanding  of  the  development  of  drug  resistance 
to  tamoxifen  treatment  in  ER  positive  disease  was  incorrect  on 
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July  25,  1987  (the  publication  date  of  the  Scottish  MRC  trial), 
but  supported  the  principle  of  early  treatment  of  micrometastatic 
disease.  Also,  it  hi^lights  the  fact  that  resistance  to  tamoxifen  for 
the  treatment  of  metastatic  disease  occurs  rapidly  within  2  years, 
and  this  biology  did  not  apply  to  an  adjuvant  application  of 
tamoxifen.  Despite  the  fact  that  the  rat  mammary  carcinoma  model 
demonstrates  that  earlier,  longer  treatment  with  an  anti-oestrogen 
was  a  suitable  clinical  strategy,®  there  was  no  model  of  human 
diseases  to  test  this  hypothesis.  However,  in  the  mid-1980s,  this 
was  about  to  change.  The  ER  positive  breast  cancer  cell  line  MCF-729 
exhibits  oestradiol-stimulated  tumor  growth  when  transplanted 
into  ovariectomized  athymic  mice.  Tamoxifen  blocks  oestradiol- 
stimulated  tumor  growth  but  cannot  maintain  growth  inhibition  as 
ER  positive  tumors  eventually  grow  despite  tamoxifen  treatment^® 
However,  it  seems  that  SERM  and  antihormonal  resistance  in  breast 
cancer  evolves  and  exposes  a  vulnerability  in  breast  cancer  that  can 
be  exploited  in  the  clinic.^* 

The  first  transplantable  model  of  tamoxifen  resistance  in 
breast  cancer  demonstrated  that  drug  resistance  to  tamoxifen 
was  unique.^2  Although  tamoxifen  can  initially  block  oestradiol- 
stimulated  growth  of  MCF-7  cells,  resistant  ER  positive  tumors 
can  use  either  oestradiol  or  tamoxifen  to  stimulate  tumor  growth 
(Fig.  4).  Tumours  do  not  grow  unless  treated  with  tamoxifen  or 
oestradiol  so  in  the  ovariectomized  mouse,  this  is  equivalent  to 
the  ‘’non-oestrogen  state”  created  by  aromatase  inhibitors.  Tumours 
also  do  not  grow  if  treated  with  the  pure  anti-oestrogen  fulvestrant 
that  destroys  the  ER.^^*^  This  laboratory  model  replicates  clinical 
experience  with  drug  resistance  to  tamoxifen  in  metastatic  breast 
cancer  and  explains  why  aromatase  inhibitors  or  fulvestrant  are 
effective  second  line  treatments.^®^®  So,  how  does  a  study  of 
the  drug  resistance  to  tamoxifen  in  the  laboratory  explain  the 
effectiveness  of  5  years  of  adjuvant  tamoxifen  to  reduce  recurrence 
rates  in  ER  positive  breast  cancer  to  tamoxifen  by  fifty  percent  and 
continue  to  reduce  mortality  a  decade  after  tamoxifen  treatment 
is  stopped?  The  answer  is  the  evolution  and  reconfiguration  of 
cell  survival  pathways  that  occurs  in  micrometastatic  breast  cancer 
during  years  of  treatment. 

Continuous  retransplantation  of  successive  generations  of 
tamoxifen-stimulated  MCF-7  tumor  lines  into  athymic  mice  for 
more  than  5  years  results  in  a  derived  tumor  line  that  does  not 
respond  to  physiologic  oestradiol  with  growth  but  rapid  tumor 
regression  through  apoptotic  cell  death  (Fig.  These  data 

were  first  presented  at  the  St  Gallen  meeting  in  1992.3^  The 
concept  offered  at  the  time  was  that  the  ultimate  and  long 
lasting  value  of  adjuvant  tamoxifen  therapy  derives  from  stopping 
adjuvant  tamoxifen  when  the  woman’s  own  oestrogen  can 
now  destroy  the  micrometastases  that  have  been  sensitized  to 
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Fig,  4.  The  development  of  acquired  antihormone  resistance  to  selective  oestrogen 
receptor  modulators  (SERMs)  (tamoxifen  or  raloxifene).  The  unique  feature  of  Phase  I 
antihormone  resistance  is  that  oestrogen  receptor  positive  breast  tumours  grow 
in  response  to  either  physiological  oestradiol  or  the  SERM.  In  the  clinical  setting 
(and  laboratory  models^  an  aromatase  inhibitor  (no  oestrogen)  or  the  pure  anti¬ 
oestrogen,  fulvestrant,  that  destroys  the  oestrogen  receptor,  stops  the  growth  of 
Phase  I  resistant  tumours  to  tamoxifen.^^ 


St.  Gallen  1992 
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Fig.  5.  Diagrammatic  representation  of  the  actions  of  physiologic  oestradiol  (E2)  on 
the  growth  of  small  phase  11  MCF-7  tamoxifen  resistant  tumors  in  ovariectomized 
athymic  mice.  A  larger  tumour  will  regress  with  oestradiol  treatment  but  will 
eventually  display  oestrogen-stimulated  growth.  If  tumours  are  re- transplanted  into 
a  new  generation  of  ovariectomized  athymic  mice  and  treated  with  oestradiol, 
tamoxifen  will  block  oestrogen-stimulated  tumour  growth.’®  First  presented  in 
St.  Gallen.  1993.37 


oestrogen-induced  apoptosis.  The  initial  laboratory  observations  on 
low  dose  oestradiol-induced  tumour  regression  were  subsequently 
confirmed,’®  expanded’®-^^  translated  successfully  to  clinical 
trial.43.44  3  result,  it  is  now  possible  to  define  the  evolution  of 

acquired  anti-hormone  therapy  into  a  Treatment  Phase  where  the 
anti-hormone  blocks  oestradiol  stimulated  tumour  growth.  Phase  I 
when  a  SERM  or  oestradiol  stimulates  growth  (or  an  aromatase 
inhibitor  creates  oestrogens  independent  growth)  and  Phase  II 
when  a  SERM  stimulates  growth  but  physiological  oestrogen 
provokes  apoptosis  either  after  stopping  a  SERM  or  after  stopping 
an  aromatase  inhibitor  (Fig.  6). 

Thus,  over  the  past  four  decades,  general  scientific  principles  have 
emerged  and  translated  to  clinical  care  for  patients.  The  application 
of  these  principles  of  endocrine  adjuvant  therapy  have  benefited, 
and  continued  to  benefit,  millions  of  women  worldwide,  through  a 
simple  and  cheap  therapeutic  intervention.  We  will  now  consider 
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Fig,  6.  The  evolution  of  drug  resistance  to  SERMs.  Acquired  resistance  occurs  during 
long-term  treatment  with  a  SERM  and  is  evidenced  by  SERM -stimulated  breast 
tumour  growth.  Tumours  also  continue  to  exploit  oestrogen  for  growth  when  the 
SERM  is  stopped,  so  a  dual  signal  transduction  process  develops.  The  aromatase 
inhibitors  prevent  tumour  growth  in  SERM-resistant  disease  and  fulvestrant  that 
destroys  the  ER  is  also  effective.  This  phase  of  drqg  resistance  is  referred  to  as  Phase  I 
resistance.  Continued  exposure  to  a  SERM  results  in  continued  SERM-stimulated 
growth  (Phase  II),  but  eventually  autonomous  growth  occurs  that  is  unresponsive 
to  fulvestrant  or  aromatase  inhibitors.  The  event  that  distinguishes  Phase  I  from 
Phase  II  acquired  resistance  is  a  remarkable  switching  mechanism  that  now  causes 
a[X)ptosis,  rather  than  growth,  with  physiologic  levels  of  oestrogen.  A  similar 
evolution  occurs  with  aromatase  inhibitor  resistance  from  oestrogen  independent 
growth  with  a  transition  to  oestrogen-induced  apoptosis.  These  distinct  phases  of 
laboratory  drug  resistance  have  their  clinical  parallels  and  this  new  knowledge  is 
being  integrated  into  the  treatment  plan. 
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Fig.  7.  The  non-canonical  pathway  results  in  the  activation  of  IKKa  by  NIK  and  phosphorylation  of  the  NF-kB  subunit.  This  process  results  in  the  conversion  of  pi  00  to  p52 
It  is  the  p52-RelB  heterodimers  that  target  distinct  kB  elements  on  DNA.  ANK;  ankyrin-repeat  motifs:  NIK:  NF-kB  kinase:  RelB:  NF-kB  family  member:  RHD:  Rel-homolokv 
domain:  TAD;  transcriptional  activation  domain. 


how  emerging  laboratory  knowledge  may  reverse  or  at  least  hold 
Phase  II  resistance  to  enhance  the  longevity  of  the  patient  We 
will,  however  then,  revisit  the  clinical  reality  that  increased  tumour 
burden  is  a  poor  indicator  of  patient  survival,  so  that  the  founding 
principles  of  our  initial  work,  i.e.  early  treatment  targeting  the 
ER  with  long-term  therapy^  must  be  embraced  by  the  clinical 
community. 

Oestmdiol-induced  apoptosis  under  laboratory  conditions 

The  administration  of  physiologic  oestradiol  to  a  thymic  mice 
implanted  with  phase  II  SERM  (tamoxifen  or  raloxifene)  resistant 
ER  positive  MCF-7  tumours^®’^°’^’'^^  causes  tumours  to  stop  growing 
and/or  rapidly  regress.  Similarly,  the  long-term  oestrogen  deprived 
clinical  cell  line  MCF-7:  rapidly  undergoes  oestrogen-induced 

apoptosis  both  in  vitro  and  in  vivo.  These  laboratory  observations  are 
reminiscent  of  the  pioneering  studies  of  Sir  Alexander  Haddow  FRS 
with  his  application  of  the  first  Chemical  Therapy  to  successfully 
treat  any  cancer  -  high  dose  synthetic  oestrogens  to  treat  metastatic 
breast  cancer.'^^'^®  He  observed  a  25%  response  rate  but  these 
were  short-lasting.^^  The  observation  was  made  that  no  responses 
were  observed  close  to  menopausal  but  often  dramatic  responses 
occurred  in  women  in  their  late  60s  and  70s.  By  1970,  during 
the  presentation  of  the  Inaugural  Karnofsky  Award  Lecture  at  the 
American  Society  of  Clinical  Oncology  (ASCO)^^  (incidentally,  when 
1  was  starting  my  PhD  in  Pharmacology  at  Leeds  University)  he 
stated:  ”...  the  extraordinary  extent  of  tumour  regression  observed 
in  perhaps  1%  of  post-menopausal  cases  (wit/i  oestrogen)  has  always 
been  regarded  as  of  major  theoretical  importance,  and  it  is  a  matter 
for  some  disappointment  that  so  much  of  the  underlying  mechanisms 
continues  to  elude  us... ”. 

Now  we  know  that  the  responses  Haddow  observed  occur 
because  of  oestrogen  deprivation  following  the  menopause.  Longer 
oestrogen  withdrawal  after  menopause  was  more  effective  at 
creating  Phase  11  resistance  in  select  patients,  but  high  dose 
oestrogen  therapy  was  necessary.  Based  on  laboratory  studies  and 
clinical  correlations,  anti-hormone  therapy  does  a  better  job  in 
driving  the  rapid  evolution  to  Phase  11  resistance  and  as  a  result,  only 
physiological  oestrogen  is  necessary  to  trigger  apoptosis.  Haddow’s 
paradox  that  stood  for  40  years  now  has  clarity  and  we  can  start  to 
offer  treatment  options  to  exploit  the  concept  further. 

Cell  culture  models  provide  a  vehicle  to  examine,  over  time, 
oestrogen-induced  apoptosis  with  the  aim  of  pharmacologic 
modulation  and  the  discovery  of  mechanisms  that  may  have 
relevance  for  patient  care.  Through  a  knowledge  of  mechanisms,  the 
elegant  oestrogen  trigger  for  naturally  initiating  tumour  cell  death 
may  subsequently  be  exploited  to  other  treatment  scenarios.  If  we 
can  decipher  the  process  of  ER-induced  apoptosis  from  its  current 
obscurity,  this  knowledge  could  be  applied  with  the  discovery  of 
new  drugs  to  trigger  the  mechanism  without  the  involvement  of  ER. 
The  ER  is  our  current  guide  and  light  to  find  a  new  drug  group. 


We  have  undertaken  an  extensive  examination  of  the  actions  of 
oestradiol  on  the  growth  (MCF-7),  immediate  apoptosis  (MCF-7:5C) 
and  delayed  apoptosis  (MCF-7:2Ay*®  of  our  model  cells  using  a 
2-week  time  course  of  gene  activity  documented  through  mRNA 
analysis,  using  Agilent  Gene  Arrays.  These  studies  were  conducted 
in  collaboration  with  Dr.  Eric  Ariazi  and  Dr.  Heather  Cunliffe.  We 
extensively  analyzed  the  gene  time  course,  and  completed  gene 
segregation  based  on  hierarchical  pathway  analysis.  We  found  that 
MCF-7  and  MCF-7;2A,  our  control  cells,  remained  quiescent  during 
the  initial  few  days  of  oestradiol  treatment  (InM)  whereas  the 
pre-apoptotic  MCF-7: 5C  cells  responded  with  a  massive  rise  in 
the  activation  of  inflammatory  genes.  Analysis  of  the  sequence  of 
events  during  the  first  few  days  of  gene  activation,  we  propose 
that  apoptosis  occurs  in  MCF-7; 5C  cells  by  the  exploitation  of 
the  non-canonical  pathway  for  NF-kB  signal  transduction  (Fig.  7). 
Furthermore,  we  have  mapped  out  the  time-course  activation  of 
each  caspase  (except  caspase  3  that  is  absent  in  MCF-7)  and 
determined  that  caspase  4  is  the  first  and  controlling  executioner 
to  provoke  programmed  cell  death.  We  have  interrogated  the 
apoptotic  process  with  purported  inhibitors  of  individual  activated 
caspases  to  confirm  our  conclusion  of  the  role  of  caspase  4.  Blockade 
of  caspase  4  blocks  oestrogen-induced  apoptosis. 

Most  importantly,  the  activation  of  inflammatory  genes  suggests 
that  oestradiol-induced  apoptosis  could  be  inhibited  or  at  least 
modulated  by  glucocorticoids.  We  have  subsequently  established 
that  dexamethasone  inhibits  oestrogen-induced  apoptosis  in  a 
concentration  related  manner.  This  novel  observation  may  have 
important  implications  for  the  application  of  oestradiol-induced 
apoptosis  for  individualized  patient  care.  Is  it  possible  that  the 
inadvertent  administration  of  glucocorticoids  during  patient  care 
could  block  oestrogen-induced  apoptosis  or  that  a  patient*s  own 
glucocorticoids  may  also  inhibit  apoptosis,  if  patients  are  challenged 
with  oestrogen  following  exhaustive  anti-hormone  therapy?  The 
anti-glucocorticoid  mifipristone  (RU486)  could  potentially  be  used 
with  oestrogen  to  block  glucocorticoid  action  temporarily  for  a 
few  weeks  during  low  dose  oestrogen  administration  to  enhance 
apoptosis. 

Examination  of  the  Agilent  gene  array  data  confirmed  our 
previous  world®  that  elevated  synthesis  of  glutathione  is  protecting 
MCF-7: 2 A  cells  from  immediate  apoptosis  in  response  to  oestrogen. 
Apoptosis  appears  to  be  retarded  in  MCF-7:2A  cells  but  an  activation 
of  autophagy  heralds  an  enhanced  transcription  of  caspase  4 
and  then  triggers  oestrogen-induced  apoptosis  during  the  second 
week  of  oestradiol  treatment.  We  have  previously  successfully 
used  pharmacological  inhibitors  to  test  our  hypothesis.  Buthionine 
sulfoximine  (BSO),  an  inhibitor  of  glutathione  synthesis,'^®  enhances 
oestradiol-induced  apoptosis  from  a  slow  event  lasting  2  weeks  to 
an  immediate  event  Unfortunately,  BSO,  though  used  extensively  in 
clinical  trial  a  decade  or  more  ago,  is  no  longer  available  to  examine 
whether  it  is  possible  to  enhance  oestrogen-induced  apoptosis  in 
patients  with  select  tumours. 
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Fig.  8.  The  reversal  of  oestradiol-induced  apoptosis  (InM)  by  increasing 
concentrations  of  4-hydroxytamoxifen  or  endoxifen.  This  nonsteroidal  antioestrogen 
effect  highlights  the  ER  dependence  for  oestradiol-induced  apoptosis. 

Thus  far,  our  studies  have  described  what  happens,  but  the 
real  question  is  how  does  the  oestradiol/ER  complex  triggers 
apoptosis?  Are  there  clues  about  the  actual  shape  or  structure  of 
the  oestrogen-ER  complex  that  can  be  modulated  and  investigated 
further?  The  MCT-7:5C  cells  depend  on  a  functioning  ER  for 
oestradiol-induced  apoptosis.  The  pure  anti-oestrogen  fulvestrant 
binds  to  the  ER  and  causes  the  rapid  destruction  of  the 
protein  complex.  As  a  result,  fulvestrant  blocks  oestradiol-induced 
apoptosis  in  a  concentration  related  manner.  Interestingly  enough, 
the  tamoxifen  metabolites  4-hydroxytamoxifen  (40HTam)  and 
endoxifen  do  not  block  or  affect  the  autonomous  growth  of 
MCF-7:5C  cells  but  do  block  the  initiation  of  oestradiol-induced 
apoptosis.  Herein  lies  a  clue  to  the  mechanism  that  triggers 
oestradiol-induced  apoptosis  (Fig.  8).  X-Ray  crystallographic  studies 
of  the  ER  ligand  binding  domain  and  the  oestrogens,  oestradiol  and 
diethylstilboestrol  (DES)  and  the  SERMs  40HTam^‘’  and  raloxifene^' 
provide  a  fascinating  insight  into  oestrogen  and  anti-oestrogen 
action.  The  solution  of  the  crystal  structures  demonstrate  that  the 
planar  oestrogens  are  sealed  within  the  ligand  binding  domain  by 
helix  12  which  then  allows  co-activators  to  bind  to  the  activating 
function  (AF)-2  site  on  the  complex.  This  event  amplifies  oestrogen 
action  through  gene  transcription.  In  contrast,  the  bulky  side  chain 
of  the  triphenylethylene  40HTam  and  the  benzothiophene 
raloxifene  prevent  helix  12  from  sealing  the  hydrophobic  ligand 
binding  domain  which  prevents  coactivator  binding  to  AF-2.  The 
promiscuous  oestrogen-like  activity  of  40HTam  is  explained  by  the 
inability  of  the  anti-oestrogenic  side  chain  to  neutralize  and  shield 
the  exposed  aspartate  at  position  351  at  the  surface  of  the  ligand 
binding  domain.  This  exposed  carboxylic  acid  communicates  with 
AF-1  to  induce  oestrogen-like  actions.  Raloxifene  completely  blocks 
and  neutralizes  the  aspartate  at  351  and  the  raloxifene-ER  complex 
does  not  activate  AF-1.  This  hypothesis  has  been  successfully 
interrogated  with  changes  in  the  ligand  and  the  aspartate  at  351 
to  modulate  the  activation  of  a  model  oestrogen  target  gene 
Transforming  Growth  Factor  Overall,  we  concluded  that 

activation  of  AF-1  by  an  exposed  surface  aspartate  351  confirms  that 
helix  12  is  not  sealing  the  ligand  binding  domain  so  it  can,  therefore, 
communicate  a  signal  to  AF-1  to  induce  oestrogen-like  gene 
activation.  If  aspartate  351  is  masked  under  helix  12  with  a  planar 


oestrogen  then  AF-2  is  activated  and  the  communication  between 
AF-1  and  aspartate  351  is  mute.  These  data  and  conclusions 
subsequently  resulted  in  a  reclassification  of  oestrogens  into 
class  1  (planar)  and  class  2  (non-planar)^®  using  a  simple  assay 
to  determine  whether  helix  12  was  locking  the  ligand  into  the 
hydrophobic  ligand  binding  domain  or  not  However,  the  biological 
significance  of  this  molecular  insight  was  not  apparent  until 
recently. 

Based  on  the  fact  that  40HTam  blocks  oestradiol-induced 
apoptosis  at  the  ER  and  the  statement  that  the  ’‘bulky  side 
chain”  of  40HTam  altered  the  conformation  of  the  ER  preventing 
helix  12  from  sealing  the  ligand  binding  domain,^**  we  advanced 
the  hypothesis  that  the  "bulky  side  chain"  of  40HTam  was  the 
phenyl  ring  of  the  oestrogenic  triphenylbut-l-ene  not  just  the  para- 
dimethylaminoethoxy  group  traditionally  associated  with  anti¬ 
oestrogen  action.  Perhaps  the  phenyl  ring  of  the  triphenylbut-l-ene 
anti-oestrogen  was  stopping  helix  12  from  sealing  the  binding 
site?  A  series  of  triphenylethylenes  (TPEs),  previously  known  to 
be  classified  exclusively  as  oestrogens  in  rodent  uterine  weight 
and  vagina  cornification  assays,  was  used  to  establish  oestrogenic 
activity  in  MCF-7  breast  cancer  cells.  All  compounds  were  found 
to  be  full  oestrogens  in  growth  assays  compared  with  oestradiol 
and  DES  and  to  fully-activate  an  ERE  luciferase  report  ER  gene 
system  in  MCF-7  cells.^^  in  contrast,  while  oestradiol  and  DES  will 
trigger  apoptosis  and  cell  death  in  MCF-7:5C  cells  within  a  week, 
the  synthetic  TPE  "oestrogens”  do  not  provoke  massive  apoptosis 
and  indeed  block  oestradiol-induced  apoptosis.  Studies  using  the 
CHIP  assay  at  the  ERE  site  in  the  promoter  region  of  the  oestrogen 
responsive  pSj  gene  demonstrate  that  whereas  oestradiol  EjER 
complex  is  recruited  with  the  co-activator  SRC3  in  AF-2  neither 
40HTam  nor  the  TPE  ER  complexes  are  recruited  to  the  promoter.^* 
Overall,  these  data  demonstrate  that  oestrogen-induced  apoptosis 
is  governed  and  programmed  by  the  shape  of  the  ER  complex.  As  a 
consequence,  shape  governs  coactivator  binding  at  AF-2  and  these 
events  subsequently  trigger  apoptosis.  A  recent  study^^  advances 
our  initial  oestrogen  reclassification  paper^®  and  confirms,  using 
a  phage  display  library,  that  the  shape  of  the  ligand  programs 
the  external  shape  of  the  ER  complex.  A  precise  evaluation  of 
the  immediate  early  genes  involved  in  the  apoptotic  response  will 
describe  the  mechanism  of  the  oestrogenic  trigger  for  cell  death. 
Exploitation  of  this  knowledge  may  find  applications  in  other 
disease  states. 

Oestrogen  treatment;  current  clinical  findings  and  translation 
to  adjuvant  therapy 

The  laboratory  finding^’-^^  that  acquired  resistance  to  anti-hormone 
therapy  evolves  and  exposes  a  vulnerability  of  breast  cancer 
cells  to  the  apoptotic  actions  of  physiological  oestrogen,  provides 
an  important  insight  into  potential  therapeutic  applications. 
As  previously  noted  in  this  paper,  the  anti-tumour  effect  of 
physiological  oestrogen  is  reminiscent  of  the  early  therapeutic  use 
of  high-dose  oestrogen  therapy  for  the  treatment  of  metastatic 
breast  cancer  in  post-menopausal  women.'^^  It  was  noted  that  the 
further  from  menopause  patients  were,  the  more  likely  there  was 
to  be  a  tumour  response,  but  these  responses  never  exceeded  30% 
in  any  given  population. 

It  is  now  clear  that  the  acute  oestrogen  deprivation  caused 
by  anti-hormones  speeds  up  the  molecular  adaptation  and 
reconfiguration  of  vulnerable  survival  pathways.  The  surviving 
populations  of  susceptible  breast  cancer  cells  also  have  increased 
sensitivity  to  oestrogen-induced  apoptosis.  Low-dose  oestrogen 
therapy  now  becomes  a  clinically  viable  strategy  with  the  prospect 
of  reducing  oestrogen-associated  side  effects. 

The  laboratory  data  generated  and  published  in  the  1990s 
proposed  the  clinical  strategy  of  using  low-dose  oestrogen  therapy 
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Table  2 

The  proof  of  principle  for  (a)  high-dose  oestrogen  (DES,  15  mg  daily)  triggering  tumour  responses 
in  patients  with  metastatic  breast  cancer  following  exhaustive  antihormone  therapy^^  qj.  fb)  a  comparison 
of  high-dose  oestrogen  (oestradiol,  30  mg  daily)  or  low-dose  oestrogen  (oestradiol,  6  mg  daily), 
producing  similar  clinical  benefit  rates  following  the  failure  of  therapy  with  an  aromatase  inhibitor.^^ 


(a)  Response 

Complete 

Partial 

Stable  disease 

4/32 

6/32 

2/32 

(b)  Dose 

No.  of  patients 

Response 

Clinical  benefit 

6  mg 

34 

10/34 

29% 

30  mg 

32 

9/32 

28% 

International  Breast  Cancer  Study  Group  (IBCSG) 

IBCSG  35-07  -  Study  Of  Letrozole  Extension  (SOLE) 

At  completon  of  4  to  6  years  of  pnor  adjuvant  SERM/Al  endocrine  therapy,  pabents  wilJ  to 
randomized  to  one  of  too  treatment  groups. 


Stratify: 

•  Institution 

•  Pnor  adjuvant 
endocrine 
therapy  (Al(s), 
SERM(s)):  AI 
alone,  SERM 
alone,  both 
SERM  and  AI 


R 

A 

N 

D 

O 

M 

r 

z 

E 


A 


B 


continuous  letrozole  for  S  years 
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Fig.  9.  The  Schema  for  the  Study  of  Letrozole  Extension  (SOLE)  conducted  by  the  International  Breast  Cancer  Study  Group  (IBCSG  35-07).  Patients  randomized  following  five 
years  of  adjuvant  antihormone  therapy  to  letrozole  continuously  or  intermittent  letrozole  (3-month  drug  holidays  per  year  for  5  years).  Ihe  rationale  is  that  the  woman’s 
own  oestrogen  in  the  intermittent  arm  will  trigger  apoptosis  in  aromatase  inhibitor  resistant  cells  and  reduce  recurrence  rates. 


to  “purge”  breast  cancer  cells  with  Phase  Il-acquired  anti¬ 
hormone  resistance,  but  then  the  re-introduction  of  anti-hormone 
therapy  would  control  oestradiol-stimulated  tumour  growth.^^^s 
A  European  trial  led  by  Dr.  Per  Lonning^^  recruited  patients 
with  metastatic  breast  cancer  following  exhaustive  anti-hormone 
therapy  to  determine  the  effect  of  treatment  with  standard  high- 
dose  DES  (5  mg  tid).  Results  are  summarized  in  Table  2a.  Select 
patients  responded  well  with  one  patient  subsequently  reported®^ 
being  disease-free  more  than  10  years  after  first  initiating  a  high- 
dose  oestrogen  “purge”  therapy.  . .  ” 

In  a  follow-up  study.  Ellis^^  compared  and  contrasted  high-dose 
(10 mg  tid)  and  low-dose  (1  mg  tid)  oestradiol  therapy  in  patients 
who  relapsed  during  adjuvant  aromatase  inhibitor  therapy.  Results 
are  summarized  in  Table  2b.  Results  were  not  as  impressive  as 
in  the  Lonning  study  probably  because  patients  did  not  receive 
"exhaustive”  endocrine  therapy  prior  to  an  oestrogen  "purge”. 
Nevertheless,  the  clinical  trial  confirms  that  low-dose  oestrogen 
can  produce  similar  clinical  benefit  when  compared  with  high-dose 
oestrogen  treatment  but  with  fewer  serious  side  effects. 

Finally,  there  is  further  clinical  evidence  from  the  Women’s 
Health  Initiative  (WHl)  that  oestrogen  replacement  therapy  (ERT) 
alone  causes  a  decrease  rather  than  increase  in  the  incidence  of 
breast  cancer®\  and  a  recent  report  from  the  Million  Women  Study 
in  the  UK  demonstrates  that  oestrogen  alone  increases  breast  cancer 
incidence  immediately  following  the  menopause  but  if  ERT  is  used 
more  than  5  years  after  oestrogen  exposure,  oestrogen  replacement 
therapy  does  not  cause  a  rise  in  breast  cancer  incidence.®^  ^ 
overarching  explanation  for  these  apparently  confusing  clinical 
observations  is  clarified  by  our  evolving  molecular  model  to 
exploiting  the  role  of  oestradiol  in  the  life  and  death  of  breast 
cancer  cells.®^®^  We  interpret  these  clinical  findings  based  on  the 
evolution  of  anti-hormone  resistance  as  follows:  breast  cancer  cells 


in  an  environment  of  oestrogen  only  grow  in  response  to  exogenous 
oestrogen,  but  following  long-term  oestrogen  deprivation  surviving 
breast  cancer  cells  either  die  or  at  least  do  not  develop  into 
tumours. 

The  clinical  and  laboratory  database  also  provides  continuing 
support  for  the  ongoing  adjuvant  Study  of  Letrozole  Extension 
(SOLE)  trial  (Fig.  9).  Patients  who  have  completed  5  years  of 
adjuvant  therapy  with  tamoxifen,  an  AI  or  any  sequence  are  then 
randomized  to  an  AI  continuously  for  5  years  or  an  AI  with 
a  drug  holiday  for  3  months  a  year.  The  trial  seeks  to  exploit 
the  hypothesis,  advanced  at  the  1992  St.  Gallen  Meeting,  that  a 
woman’s  own  oestrogen  may  act  as  an  anti-tumour  agent  after 
adjuvant  anti-hormone  therapy  is  stopped.  The  SOLE  trial  proposes 
a  rigorous  test  of  the  hypothesis  under  controlled  conditions  that 
promises  to  create  a  practical  advantage  for  patients  following 
drug  holidays.  Results  from  this  trial  coupled  with  the  expanding 
molecular  database  concerning  the  modulation  of  oestrogen- 
induced  apoptosis  may  result  in  the  proposition  of  regularly  purging 
patients  for  a  week  or  two  with  ERT  if  decades  of  anti-hormone 
therapy  are  to  become  common  place  in  order  that  the  disease  is 
held  in  check  and  prevented  from  recurring.  The  question  is  now  - 
at  what  point  is  oestrogen  intervention  too  late? 

Fighting  overwhelming  cancer  cell  flexibility 

The  enemy  is  us.  Haddow^®  in  the  Inaugural  Kamofsky  Lecture 
reasoned  that  it  would  not  be  possible  to  develop  a  cancer  specific 
therapy  in  the  same  way  Ehrlich  had  for  syphilis,  as  cancer  was  our 
own  cells.  What  he  did  not  know  was  that  the  situation  is  worse 
than  that  The  replicative  fidelity  of  normal  cells  replaces  exactly 
what  is  lost  but  in  its  own  special  place.  Cytotoxic  chemotherapy 
kills  the  patient  by  indiscriminately  killing  normal  differentiated 
cells,  and  perhaps  stem  cells,  so  life  saving  repopulation  for  the  host 
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PLAN  FOR  POSTMENOPAUSAL  WOMEN: 


i.e.  with  a  background  of  physiologic  oestrogen 


Ontiopi  n  -^priwtd 
AutOMoiout  pmrth 
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CONCLUSION:  c-Src  inhibitor  blocks  oestrogen-induced 
apoptosis,  a  result  that  undermines  the  anti-tumour  actions  of 
these  compounds  in  patients  treated  exhaustively  with 
antihormones 

Fig.  10.  The  evolution  of  drug  resistance  and  rapid  alterations  in  cell  populations  if  a  c-Src  inhibitor  PP2  (5  pM)  is  incubated  with  MCF-7:5C  cells  in  the  presence  of  InM 
oestradiol  for  two  months  to  mimic  a  clinical  scenario  of  a  postmenopausal  woman  who  fails  an  aromatase  inhibitor  to  block  growth.  Apoptosis  from  oestrogen  is  blocked 
and  the  cells  revert  to  Phase  I  resistance,  i.e.  oestrogen  and  SERM-stimulated  growth. 


organism  is  impossible  or  too  late.  In  contrast,  human  populations 
eventually  adapt  to  external  destructive  forces  such  as  fatal  infec¬ 
tious  diseases  (plague,  small  pox,  etc.)  but  individuals  only  survive 
through  their  preprogrammed  nimble  immunology.  The  survivors 
repopulate.  And  so  it  is  with  cancer  at  the  cellular  level  within 
the  body.  However,  immunology  has  not  yet  been  proven  to  be  of 
significance  for  breast  cancer  prevention.  Haddow  was  right  there  - 
the  enemy  is  us.  The  tumour  at  diagnosis  has  hundreds  of  mutations 
compared  to  the  (purportedly)  normal  human  genome.®^®®  This 
and  activated  oncogenes,  or  loss  of  tumour  suppression  genes, 
provides  the  random  survival  flexibility  within  the  cancer  cell 
population  to  adapt  and  eventually  thrive  in  a  hostile  (cytotoxic) 
environment  within  a  few  months.  The  principle  is  a  microscopic 
adaptation  of  simple  Darwinian  evolution  that  has  played  out  over 
the  millennia  by  animals  on  earth.  Random  mutations  create  a 
preferred  trait  that  permits  survival,  while  the  non-adaptive  species 
or  population  dies  out  The  situation  with  cancer  only  becomes 
worse  through  adaptive  survival  responses  preprogrammed  in  the 
cancer  stem  cell.  These  cellular  "spores”  seek  to  expand  and  prepare 
for  massive  repopulation  in  an  enforced  anoxic  environment  The 
clinician  is  confronted  with  a  perverted  microcosm  of  the  struggle 
for  life  by  cancer  cells  programmed  to  create  infinite  candidates 
in  the  quest  for  survival.  The  patient  is  overwhelmed  by  sheer 
numbers  in  the  wrong  places.  This  is  the  challenge  of  targeted 
molecular  therapeutics  but  how  to  build  rationally  on  the  advances 
in  survivorship  achieved  over  the  past  40-years  in  breast  cancer? 

The  path  to  progress  in  drug  development  has  not  changed 
significantly  during  this  time,  despite  our  new  knowledge  of  the 
disease.  The  administrative  plan  for  drug  evaluation  is  in  place 
to  protect  citizens  and  provide  safe  and  therapeutically  proven 
medicines  for  clinical  care.  To  market  a  new  drug  to  treat  breast 
cancer,  a  precise  system  must  be  followed  to  obtain  government 
approval.  Phase  1  clinical  trials  must  offer  the  hope  of  potentially 
effective  treatment  to  patients  who  have  received  all  possible 
therapeutic  options.  The  goal  is  to  document  dose  limiting  toxicides 
and  at  this  stage  of  the  disease,  responses  are  a  major  bonus. 
Phase  11  trials  focus  on  a  cancer  type  of  interest  based  on  reasonable 
data  from  preclinical  studies  or  an  unanticipated  response  in  Phase  1 
trials.  If  a  candidate  is  successful  in  Phase  11  trials,  the  drug  is 
evaluated  against  or  with  the  current  standard  of  care.  It  should 
be  emphasized  that  therapeutic  results  from  Phase  11  trials  with 
tamoxifen  were  not  very  dramatic,  but  Phase  1  data  on  toxicity  for 


the  patient  was  excellent  compared  with  other  therapies  available. 
Only  by  targeting  the  ER  in  the  tumour  and  applying  long-term 
adjuvant  therapy  did  patient  survivorship  increase.  A  discarded 
contraceptive  became  the  "gold  standard”  for  breast  cancer  therapy 
over  a  30-year  journey.* 

With  this  background,  how  do  we  build  on  success?  Today 
there  are  dozens  of  good  potential  targets  and  dozens  of  plausible 
candidates  for  each  target  However,  unlike  the  ER  which  was,  it 
has  turned  out  the  principle  messenger  to  stimulate  breast  tumour 
growth  in  about  30%  of  tumours,  other  candidate  targets  are  proving 
to  be  not  the  star  but  part  of  the  chorus.  In  late  stage  disease, 
one  pathway  is  blocked  but  others  now  compensate.  Pathways  to 
preserve  cellular  life  can  be  essential  in  all  cells,  but  a  cancer  cell 
specific  pathway  is  the  only  key  to  success  in  cancer  therapeutics. 

Based  on  our  current  work  investigating  oestradiol-induced 
apoptosis  of  breast  cancer  cells  with  long-term  acquired  resistance, 
we  proposed  a  hypothesis:  can  we  block  breast  cancer  cell  survival 
mechanisms  and  enhance  the  chances  that  the  cell  must  undergo 
apoptosis  in  response  to  oestradiol? 

c-Src  was  the  first  identified  oncogene  in  cancer  and  is  said  to  be 
present  in  more  than  70%  of  breast  cancers.®^  It  controls  AKT  and 
MAPK  phosphorylation  cascades  as  the  intermediary  from  growth 
factor  receptor  activation.  It  would  appear  to  be  an  ideal  target 
to  subvert  cell  survival;  almost  as  good  as  the  ER!  We  posed  the 
question,  that  if  we  blocked  c-Src  in  breast  cancer  cells  resistant  to 
aromatase  inhibitors  would  we  then  enhance  apoptosis?  In  other 
words,  would  we  generate  value  for  the  cancer  patient  by  increasing 
cell  kill  as  we  have  previously  found  that  c-Src  inhibitors  were 
completely  ineffective  in  affecting  growth  of  oestrogen  stimulated 
MCF-7  cells,  but  had  significant  efficiency  in  blocking  the  growth 
of  ER-negative  MDA-MB-231  and  oestrogen  stimulated  ER-positive 
T47D  cells.  More  importantly,  long-term  oestrogen-deprived  MCT- 
7  cells  have  elevated  pSrc.  As  most  ER-positive  cancers  are 
exhaustively  treated  with  antihormones  before  Phase  1/11  testing 
and  we  were  building  on  a  known  efficacy  of  estrogen  therapy, 
the  proposition  appeared  sound.  Our  model  cell,  MCF-7: 5C,  had 
elevated  phospho  c-Src  and  are  targeted  inhibitor  PP2  completely 
blocked  phosphorylation.  However,  a  2  month  course  of  treatment 
of  MCF-7:5C  cells  with  physiological  oestrogen  levels  (InM)  that 
would  be  present  in  a  postmenopausal  patient  plus  the  c-Src 
inhibitor  (5  microMolar),  resulted  in  the  blockade  of  oestrogen- 
induced  apoptosis  and  the  reversion  of  the  cell  population  to 
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Phase  1  drug  resistance  (Fig.  10),  i.e.  estrogen  or  SERM-stimulated 
for  growth.  Within  2  months,  the  flexibility  of  cell  populations  had 
created  no  real  advance  that  could  realistically  aid  the  patient 

Thus,  as  an  illustration  of  the  challenge  we  face  for  the  application 
of  logical  targeted  therapy,  one  could  conclude  the  following:  an 
expanding  menu  of  targeted  medicines  is  available  for  testing,  but 
only  select  populations  will  respond.  Testing  a  c-Src  inhibitor  in  the 
incorrect  stage  of  antihormone  resistance  or  patient  populations 
cannot  be  successful.  This  is  the  problem:  the  testing  populations 
for  registration  may  be  inappropriate  for  a  drug  candidate  that  is 
magnificent  in  a  neoadjuvant  therapy  naive  disease  study.  However, 
does  this  enhance  registration?  Unfortunately  not. 

We  need  practical  strategies  to  aid  communities  to  hold  the 
development  and  death  from  breast  cancer  while  we  attempt  to 
decipher  the  enormous  complexity  of  pathways  and  permutations 
of  targeted  therapies.  This  conclusion  brings  us  back  to  the  second 
piece  of  translational  research  started  in  our  laboratory  in  the 
1970s  -  chemoprevention.  Remarkably,  the  lamp  of  tamoxifen 
shed  light  on  an  alternative  strategy  to  reduce  cancer  incidence 
and  preempt  the  aforementioned  Gordian  Knot  Unfortunately,  the 
initial  strategy  for  the  clinical  application  of  chemoprevention 
requires  the  identification  of  high-risk  populations  to  be  treated 
with  the  pioneer  tamoxifen.  This  approach  is  flawed.  However,  a 
public  health  strategy  for  an  aging  population  that  creates  wellness 
for  as  long  as  possible  is  a  laudable  goal  now  within  our  grasp. 

Tamoxifen  is  also  about  progress  in  chemoprevention 

An  extensive  study  of  the  pharmacology  of  tamoxifen®^  identified 
its  ability  to  modulate  oestrogen  target  tissues  around  the  body; 
tamoxifen  is  anti-oestrogenic  in  the  breast  and  oestrogen-like  in 
bone  and  lowers  circulating  cholesterol.®®-^^  Translational  research 
also  first  identified  the  potential  of  tamoxifen  to  increase  the 
risk  of  developing  endometrial  cancer  during  extended  treatment 
schedules.^-^®  Tamoxifen  blocks  breast  tumour  growth  and  devel¬ 
opment  but  enhances  endometrial  cancer  growth.  As  a  result,  new 
procedures  were  introduced  for  the  gynecological  monitoring  of 
post-menopausal  patients  receiving  long-term  tamoxifen  therapy. 
New  agents,  without  endometrial  problems,  were  needed  for 
investigation.  Knowledge  of  selective  ER  modulation  by  tamoxifen 
and  also  the  pharmacology  of  the  structurally-related  failed  breast 
cancer  drug,  raloxifene,  led  to  the  creation  of  a  new  drug  group, 
the  Selective  ER  Modulators  (SERMs),^®  with  the  potential  to  treat 
and  prevent  multiple  diseases  in  women  and  prevent  breast  cancer 
at  the  same  time.  The  fact  that  raloxifene  was  less  oestrogen-like 
than  tamoxifen  in  the  rodent  uterus  and  less  likely  to  increase 
the  incidence  of  the  endometrial  cancer  in  patients^*^®  meant 
that  safer  compounds  could  be  identified  as  chemopreventives 
for  breast  cancer  but  a  new  strategy  to  achieve  the  goal  was 
essential.  Benefits  for  a  tiny,  unidentifiable  minority  is  unacceptable 
if  the  vast  majority  of  women  in  a  high  risk  population  have  side 
effects,  some  life-threatening.  The  road  map  for  the  pharmaceutical 
industry  was  clearly  stated  in  1990.  Is  this  the  end  of  the  possible 
applications  for  anti-oestrogens?  Certainly  not!  We  have  obtained 
valuable  clinical  information  about  this  group  of  drugs  that  can  be 
applied  in  other  disease  states.  Research  does  not  travel  in  straight  lines 
and  observations  in  one  field  of  science  often  become  major  discoveries 
in  another.  Important  clues  have  been  garnered  about  the  ejfects  of 
tamoxifen  on  bone  and  lipids  so  it  is  possible  that  derivatives  could 
find  targeted  app/ications  to  retard  osteoporosis  or  atherosclerosis. 
The  ubiquitous  application  of  novel  compounds  to  prevent  diseases 
associated  with  the  progressive  changes  after  menopause  may,  as  a 
side  effect  significantly  retard  the  development  of  breast  cancer.  The 
target  population  would  be  postmenopausal  women  in  general,  thereby 
avoiding  the  requirement  to  select  a  high  risk  group  to  prevent  breast 
cancer.^® 


Raloxifene  pioneered  the  concept  in  the  clinic  confirming  the 
prediction  that  the  prevention  of  breast  cancer  would  occur  during 
the  treatment  and  prevention  of  osteoporosis  in  high  risk  post¬ 
menopausal  women®®  with  no  increase  in  endometrial  cancer. 
Today,  the  prediction  that  SERMs  could  control  multiple  diseases 
in  women  following  the  menopause  is  poised  to  become  a  reality. 
Lasofoxifene  (Fig.  1)  is  approved  in  the  European  Union  for  the 
prevention  and  treatment  of  osteoporosis  which  simultaneously 
decreases  the  incidence  of  breast  cancer,  strokes  and  myocardial 
infarction,  but  without  increasing  endometrial  cancer  risk.®^ 
Lasofoxifene  is  more  than  one  hundred  times  more  potent  than 
raloxifene  and  the  aforementioned  strategy^®  to  improve  women’s 
health  in  aging  populations  is  the  new  face  of  chemoprevention  in 
breast  cancer  -  treat  the  majority  of  women  for  major  diseases  like 
osteoporosis  and  coronary  heart  disease  and  prevent  breast  cancer 
as  a  beneficial  side  effect  The  saving  in  health  care  costs  by  not 
paying  for  the  treatment  of  breast  cancer  in  tens  of  thousands  of 
women  without  breast  cancer  will  be  considerable,  but  admittedly 
hard  to  quantitate. 

Raloxifene  is  not  only  available  in  the  United  States  of  America  for 
the  treatment  and  prevention  of  osteoporosis  but  also  for  reduction 
of  the  incidence  for  breast  cancer  in  post-menopausal,  high-risk 
women.®2  However,  the  SERM  must  be  given  indefinitely  to  remain 
effective  in  both  diseases.®®  In  contrast,  tamoxifen  remains  effective 
for  decades  after  the  limited  treatment  period  of  5  years  is 
stopped.®^  ®®  As  mentioned  previously,  the  key  to  understanding  this 
fact  probably  resides  in  the  laboratory  study  of  drug  resistance  to 
SERMs  and  aromatase  inhibitors  and  the  development  of  a  cellular 
susceptibility  to  oestrogen-induced  apoptosis.  The  fact  that  the 
same  tumour  responsiveness  to  raloxifene  appears  to  be  retarded 
in  clinical  practice  suggests  that  the  known  poor  pharmacokinetics 
and  bioavailability  of  raloxifene  is  not  able  to  rapidly  produce  an 
"anti-oestrogenic”  state  around  the  nascent  tumour  like  tamoxifen. 
This  may  explain  the  reduced  performance  of  raloxifene  against 
tamoxifen  in  the  STAR  trial,  following  the  cessation  of  5-years  of 
treatment®® 

Summary  and  closing  thoughts 

Over  the  past  40  years,  we  have  witnessed  a  dramatic  improvement 
in  the  survivorship  of  the  majority  of  patients  with  a  diagnosis 
of  ER  positive  breast  cancer.  The  SERM  tamoxifen  pioneered 
the  process.  Translational  research  has  added  further  cheap 
and  effective  targeted  anti-hormonal  therapies  to  the  physician’s 
armamentarium  that  are  proven  to  be  of  benefit  in  randomized 
adjuvant  clinical  trials  world-wide.  Not  only  has  therapy  been 
improved  substantially  over  the  past  40  years,  from  the  time  in  the 
early  1970s  when  there  was  stated  to  be  little  prospect  of  successful 
survival  advances  with  "endocrine  therapy”,  but  also  the  parallel 
path  of  chemoprevention  has  been  pioneered  successfully  with  the 
same  SERM  tamoxifen.  This  SERM  heralded  a  new  era  of  general 
medicine  where  a  family  of  SERMs  would  allow  women  to  expect 
to  reduce  their  risk  of  fractures  but  prevent  breast  cancer  at  the 
same  time.  This  was  only  a  laboratory  concept  20-years  ago^®*®®  but 
it  seems  obvious  that  with  an  aging  population  that  seeks  to  remain 
active  for  as  long  as  possible,  that  the  SERMs  will  play  their  part 
in  reducing  the  incidence  of  breast  cancer  if  used  wisely  in  the 
post-menopausal  population. 

The  lessons  learned  with  the  lamp-light  of  the  pioneer 
tamoxifen  are  now  established  principles  in  cancer  therapeutics. 
The  principles  are:  aim  at  the  target  (ER).  start  therapy  as  early  as 
possible  (i.e.  as  few  lymph  nodes  as  possible  involved),  long  therapy 
is  preferable  to  shorter  therapy,  compliance  with  the  medicine  is 
essential  and  drug  interaction  with  SSRIs  to  stop  menopausal  side 
effect  in  a  few  should  be  avoided.  Conforming  to  these  principles 
aids  patients’  survival.  The  light  from  the  lamp  also  taught  us 
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what  we  did  not  know.  Firstly  tamoxifen  is  a  selective  modulator 
of  ER  action  around  a  woman’s  body  and  heralded  a  new  drug 
group  (the  SERMs)  that  prevent  osteoporosis  and  prevent  breast 
cancer  as  a  beneficial  side  effect.  This  avoids  the  need  to  find  the 
exact  women  who  would  benefit  from  chemoprevention  using  the 
Gail  Model.87  Secondly,  drug  resistance  evolves  so  that  oestradiol 
becomes  an  apoptotic  trigger.  Further  studies  solved  the  concern 
expressed  by  Haddow  in  1970  that  the  mechanism  of  oestrogen- 
induced  apoptosis  was  a  mystery.  Now  oestrogen  therapy  has  a 
niche  application  in  patient  care. 

During  the  past  40  years,  the  mosaic  of  endocrine  adjuvant 
therapy  and  chemoprevention  with  SERMs  has  been  clarified 
effective  translational  research.'^-®^  The  next  challenge  for  a 
generation  of  ”omic”  scientists  is  to  prioritize  the  opportunities  in 
molecular  therapeutics  based  on  this  solid  start,  so  as  to  advance 
and  individualize  treatment. 
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Abstract 

Background:  Estrogen  is  a  known  growth  promoter  for  estrogen  receptor  (ER)-positive  breast  cancer  cells.  Paradoxically,  in  breast 
cancer  cells  that  have  been  chronically  deprived  of  estrogen  stimulation,  re-introduction  of  the  hormone  can  induce  apoptosis. 

Methodology/Principal  Findings:  Here,  we  sought  to  identify  signaling  networks  that  are  triggered  by  estradiol  (E2)  in 
isogenic  MCF-7  breast  cancer  cells  that  undergo  apoptosis  (MCF-7:5C)  versus  cells  that  proliferate  upon  exposure  to  E2 
(MCF-7).  The  nuclear  receptor  co-activator  AIB1  (Amplified  in  Breast  Cancer-1)  is  known  to  be  rate-limiting  for  E2-induced 
cell  survival  responses  in  MCF-7  cells  and  was  found  here  to  also  be  required  for  the  induction  of  apoptosis  by  E2  in  the 
MCF-7:5C  cells.  Proteins  that  interact  with  AIB1  as  well  as  complexes  that  contain  tyrosine  phosphorylated  proteins  were 
isolated  by  immunoprecipitation  and  identified  by  mass  spectrometry  (MS)  at  baseline  and  after  a  brief  exposure  to  E2  for 
two  hours.  Bioinformatic  network  analyses  of  the  identified  protein  interactions  were  then  used  to  analyze  E2  signaling 
pathways  that  trigger  apoptosis  versus  survival.  Comparison  of  MS  data  with  a  computationally-predicted  AIB1  interaction 
network  showed  that  26  proteins  identified  in  this  study  are  within  this  network,  and  are  involved  in  signal  transduction, 
transcription,  cell  cycle  regulation  and  protein  degradation. 

Conciusions:  G-protein-coupled  receptors,  PIS  kinase,  Wnt  and  Notch  signaling  pathways  were  most  strongly  associated 
with  E2-induced  proliferation  or  apoptosis  and  are  integrated  here  into  a  global  AIB1  signaling  network  that  controls 
qualitatively  distinct  responses  to  estrogen. 

Citation:  Hu  Z-Z,  Kagan  BL,  Ariazi  EA,  Rosenthal  DS,  Zhang  L,  et  al.  (2011)  Proteomic  Analysis  of  Pathways  Involved  in  Estrogen-Induced  Growth  and  Apoptosis  of 
Breast  Cancer  Cells.  PLoS  ONE  6(6):  e20410.  doi:10.1371/journal.pone.0020410 

Editor:  Rakesh  K.  Srivastava,  The  University  of  Kansas  Medical  Center,  United  States  of  America 
Received  February  7,  2011;  Accepted  April  23,  2011;  Published  June  27,  2011 

Copyright:  ©  201 1  Hu  et  al.  This  is  an  open-access  article  distributed  under  the  terms  of  the  Creative  Commons  Attribution  License,  which  permits  unrestricted 
use,  distribution,  and  reproduction  in  any  medium,  provided  the  original  author  and  source  are  credited. 

Funding:  This  work  was  supported  by  the  Department  of  Defense  Breast  Program  W81XWH-06-10590  Center  of  Excellence  Grant  (V.C.J.,  A.W.,  A.T.R.),  National 
Institutes  of  Health/National  Cancer  Institute  R01  CA1 13477  (A.T.R.)  and  P30  CA051008.  Views  and  opinions  of,  and  endorsements  by  the  author(s)  do  not  reflect 
those  of  the  U.S.  Army  or  the  Department  of  Defense.  The  funders  had  no  role  in  study  design,  data  collection  and  analysis,  decision  to  publish,  or  preparation  of 
the  manuscript. 

Competing  Interests:  The  authors  have  declared  that  no  competing  interests  exist. 

*  E-mail:  wellstea@georgetown.edu 
O  These  authors  contributed  equally  to  this  work. 


Introduction 

Estrogen  induces  proliferation  of  estrogen  receptor  (ER)-positive 
breast  cancer  cells  [1].  This  response  is  consistent  with  the  finding 
that  antihormone  therapies,  such  as  tamoxifen  or  aromatase 
inhibitors,  can  enhance  survivorship  and  reduce  recurrence  in 
patients  with  ER-positive  breast  cancers  [2,3].  However,  the 
majority  of  tumors  eventually  become  unresponsive  to  antihor¬ 
mone  treatments  [4,5]  and  molecular  mechanisms  and  markers  of 
antihormone  resistance  have  been  described  [6,7].  Once  patients 
have  failed  on  antihormone  therapy,  one  treatment  option  has 
been  the  use  of  pharmacologic  doses  of  estrogens  [8,9]  based  on 
well-established  findings  that  some  breast  cancers  shrink  during 
high  dose  estrogen  treatment  [10,11,12].  This  phenomenon  has 
also  been  observed  in  laboratory  models  of  ER-positive  breast 
cancer  with  acquired  anti-hormone  resistance  that  regress  and 
undergo  apoptosis  in  the  presence  of  physiologic  concentrations  of 
estrogen  [13,14]  and  was  reviewed  recently  for  its  potential  clinical 
implications  [15]. 


Estrogen  exerts  diverse  effects  including  genomic  and  non- 
genomic  effects  through  multiple  signaling  pathways,  that  are 
significantly  altered  in  anti-hormone  resistant  ER  positive  breast 
cancer  cells.  In  antihormone  resistant  cells,  for  example,  there  is  a 
general  increase  in  EGER  and  IGFR  tyrosine  kinase  signaling 
[16,17],  accompanied  by  increased  ligand-independent  phosphor¬ 
ylation  of  ER  [18]  and  nuclear  receptor  co-activators  such  as 
AIB1/SRG3  (Amplified  in  Breast  Gancer  1 /Steroid  Receptor  Go- 
activator  3)  [19].  Overexpression  and  activation  of  AIBl  is 
associated  with  endocrine  resistance  in  human  breast  cancer 
[20,21,22]  and  has  been  shown  to  be  rate-limiting  for  estrogen- 
induced  growth  of  breast  cancer  cells  [23,24].  Beyond  its  role  in 
these  effects  of  estrogen,  AIB 1  was  also  shown  to  be  rate-limiting 
for  the  growth  of  estrogen-insensitive  breast  cancer  cells  [25]  as 
well  as  prostate  cancer  [26],  pancreatic  cancer  [27]  and 
lymphoma  cells  [28].  Furthermore,  in  AIBl  knockout  mice, 
responses  to  hormones  [29]  as  well  as  growth  factor  signaling  [30] 
are  blunted  whereas  overexpression  of  an  AIB  1  transgene  leads  to 
increased  estrogen  and  growth  factor  responses  resulting  in 
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hyperplasia  and  neoplasia  of  mammary  glands  [31,32,33].  Thus,  a 
large  body  of  data  support  a  erueial  role  for  AIB 1  in  estrogen  and 
growth  faetor  signaling  (reviewed  in  Refs  [34,35])  and  provides  the 
rationale  for  the  experimental  paradigm  used  here. 

To  identify  pathways  that  initiate  estrogen-indueed  apoptosis 
versus  growth,  we  used  a  eombined  proteomies  and  systems 
biology  approaeh  to  elueidate  triggering  events  and  assoeiated 
signaling  pathways.  We  foeused  on  ehanges  of  AIBl  interaeting 
proteins,  beeause  of  its  eentral  role  in  estrogen  eontrol  of 
phenotypie  behavior  of  breast  eaneer  eells  outlined  above.  AIBl 
also  eoaetivates  IGFIR,  EGFR  and  HER2  through  modulation  of 
tyrosine  phosphorylation  of  these  transmembrane  reeeptors  and 
phosphorylation  of  their  subsequent  signaling  intermediaries 
[27,30,33,34].  Thus,  to  eomplement  the  analysis  of  direet  AIBl 
interaeting  proteins,  we  also  monitored  ehanges  of  phosphotyr- 
osine  (pY)-eontaining  protein  eomplexes,  that  are  most  likely 
regulated  by  growth  faetor  signaling,  as  a  means  of  diseovering 
global  interseeting  pathways.  As  a  model  system,  we  used  MGF-7 
eells  that  proliferate  in  response  to  E2  [1],  but  also  respond  to  EGF 
and  heregulin  [36]  and  have  high  levels  of  AIBl  protein  due  to 
gene  amplifieation  [37].  Wild-type  MCF-7  eells  were  eompared 
with  MCF-7:5G  eells  that  had  been  isolated  under  estrogen-free 


growth  eonditions  [38,39].  MCF-7:5C  eells  were  derived  following 
long-term  eulture  of  MGF-7  eells  in  phenol  red-free  media.  MCF- 
7:5G  eells  are  ER-positive  and  undergo  apoptosis  after  exposure  to 
physiologieal  eoneentrations  of  E2.  In  eontrast,  wild- type  parental 
MCF-7  eells  proliferate  in  the  presenee  of  the  same  eoneentration 
range  of  E2  [38,39].  The  MCF-7:5C  eells  represent  many  of  the 
eharaeteristies  of  Phase  II  SERM  resistant  eells  [40].  A  parallel 
analysis  after  estrogen  stimulation  of  these  isogenie  breast  eaneer 
eell  lines  served  as  a  basis  for  the  eomparisons  of  signaling 
responses. 

Here,  we  show  that  RNAi-mediated  depletion  of  AIB  1  reduees 
E2-indueed  growth  of  MCF-7  eells,  and  reverses  the  estrogen- 
indueed  apoptosis  in  MCF-7:5C  eells.  AIB  1 -interaeting  and  pY- 
eontaining  protein  eomplexes  were  immunopreeipitated  from 
short-term  E2-treated  eells,  and  the  eomplexed  proteins  were 
identified  by  mass  speetrometry  (MS)  analysis  (Fig.  lA).  From  a 
eomparison  of  the  data  sets  obtained  with  MCF-7  versus  MGF- 
7:5G  eells  treated  with  or  without  E2,  and  from  a  eomputationally- 
derived  global  AIB  1  -interaeting  network  predietion,  we  identified 
pathways  that  partieipate  in  the  differential  response  to  E2  in  these 
breast  eaneer  eells.  We  found  that  a  limited  number  of  major 
eellular  signaling  pathways  i.e.  GPGR,  PI3  kinase,  Wnt,  Noteh 
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Figure  1.  Phenotypic  impact  of  AIBl  depletion  on  estradiol  (E2)  growth  response  in  IVICF-7  or  IVICF-7:5C  cells.  {A)  The  experimental 
paradigm.  The  differential  responses  to  estradiol  (E2)  treatment  of  IVlCF-7  (cell  growth)  and  long-term  estrogen  deprived  IV1CF-7:5C  cells  (apoptosis) 
are  indicated.  Proteomies  profiles  of  the  two  cell  lines  at  baseline  and  after  a  brief  (2  h)  E2  treatment  were  generated  using  immunoprecipitations  (IP). 
Proteins  interacting  with  AIBl  or  phosphotyrosine  containing  protein  complexes  were  isolated  by  IP  followed  by  mass  spectrometry.  Data  were  then 
subjected  to  an  integrated  bioinformatics  analysis  of  signaling  pathways  and  protein  networks.  (B,0  Reversal  of  E2-dependent  effects  on  IVlCF-7  and 
IV1CF-7:5C  after  depletion  of  endogenous  AIBl  protein  using  two  different  lentiviral  shRNAs.  IVlCF-7  or  IV1CF-7:5C  cells  were  infected  with  lentiviral 
particles  expressing  control  or  AIBl -targeting  shRNAs.  (B)  RNAi-mediated  knockdown  was  assayed  by  Western  blot  analysis  for  AIBl  relative  to  an 
actin  loading  control.  (C)  Cell  growth  was  assayed  6  days  after  plating  without  or  with  E2.  The  E2  effect  is  shown  relative  to  the  respective  untreated 
controls  (mean  ±S.E.IV1.).  Closed  circles:  control  shRNA;  Open  circles  (red):  AIBl  shRNA.  p<0.05  E2  treatment  effect  vs.  no  treatment  in  control 
shRNA  cells;  *,  p<0.05  E2  treatment  effect  in  control  shRNA  cells  vs.  E2  treatment  in  AIBl  depleted  cells.  Representative  data  from  one  of  at  least 
three  independent  experiments  are  shown. 
doi:1 0.1 371/journal.pone.002041 0.gOOl 
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and  their  associated  molecules  were  involved  in  the  control  of 
estrogen  induced  proliferative  or  apoptotic  responses.  This 
information  will  be  useful  for  determining  appropriate  targets  to 
induce  apoptosis  in  endocrine  resistant  human  breast  cancer. 

Results  and  Discussion 

Impact  of  AIBl  depletion  on  E2-induced  growth  effects 
in  MCF-y  and  I\/1CF-7:5C  cells 

To  determine  the  role  of  AIBl  in  the  E2 -induced,  distinct 
growth  phenotypes  of  MGF-7:5C  and  wild-type  MCF-7  cells,  both 
cell  lines  were  infected  with  lentiviral  vectors  that  express  control 
or  two  distinct  AIB 1  -targeted  shRNAs,  and  selected  in  puromycin 
for  stable  integrants.  Both  MCF-7  and  MCF-7:5G  cells  were 
depleted  of  AIBl  protein,  compared  to  uninfected  and  control 
shRNA  infected  cells  with  either  of  the  shRNAs  (Fig.  IB). 
Treatment  with  F2  significantly  induced  growth  of  control 
shRNA-infected  MCF-7  cells  and  reduced  the  growth  of  MCF- 
7:5G  cells  (Fig.  IG,  black  symbols).  In  contrast  to  this,  in  AIBl- 
depleted,  wild-type  MGF-7  cells,  F2  did  not  stimulate  growth 
significantly  above  baseline  and  in  AIBl  depleted  MGF-7:5C,  E2 
lost  its  apoptosis-inducing  effect  (Fig.  1C,  red  symbols).  These  data 
suggest  that  AIB  1  is  a  significant  control  hub  of  the  E2-controlled 
growth  phenotype  in  these  ER-positive  breast  cancer  cells. 

Global  analysis  of  AIBl  -  and  phosphotyrosine-complexed 
proteins 

Because  AIBl  is  rate-limiting  for  the  E2-induced  changes  in  the 
growth  phenotype  of  MCF-7  and  MCF-7:5G  cells,  we  performed 
AIB  1  -specific  immunoprecipitations  of  lysates  from  untreated  and 
E2-treated  (2  hrs)  MGF-7  and  MCF-7:5G  cells  to  fractionate  the 
respective  proteome.  Immunoprecipitation  of  phosphotyrosine- 
containing  protein  complexes  was  also  performed  to  complement 
the  AIB  1 -specific  proteome  fractionation  (Fig.  lA).  The  immuno- 
precipitates  were  released  from  the  beads,  separated  by  denaturing 
gel  electrophoreses  (SDS-PAGE)  and  followed  by  Coomassie  Blue 
staining  of  proteins  in  the  gels  (Fig.  S7).  Visible  bands  and  the 
same  region  in  parallel  gel  lanes  were  harvested  and  proteins 
present  identified  by  mass  spectrometry  (MS).  Stringent  filtering  of 
the  initial  proteomic  data  resulted  in  a  subset  of  1 0 1  proteins  that 
either  interacted  with  AIBl  (n  =  58.  Table  SI)  or  are  present  in 
pY-protein  complexes  (n  =  56.  Table  S2),  with  13  proteins 
common  to  both. 

The  analytical  approach  emphasizes  reliable  identification  of 
proteins  by  correlating  mass  spectrometry  ID  with  the  apparent 
molecular  mass  obtained  from  the  SDS-PAGE  (Fig.  S7).  This 
approach  mimics  Western  blotting  without  having  to  rely  on  the 
availablility  of  antibodies,  appropriate  sensitivity,  suitability  for 
Western  blotting  and  specificity.  Still,  we  used  Western  blotting  of 
some  proteins  identified  by  MS  and  show  two  examples  in  Fig.  S8 
(see  below).  To  validate  the  mass  spectrometry  findings,  separate 
experiments  with  independent  mass  spectrometry  analyses  were 
run.  We  found  48%  of  the  proteins  reported  here  in  two  and  16% 
in  three  or  more  independent  experiments.  This  compares 
favorably  with  a  recent  HUPO  study  where  only  7  of  27 
laboratories  identified  all  20  proteins  present  at  equimolar 
concentrations  in  a  test  sample  [41].  In  our  experiments,  the 
abundance  of  individual  endogenous  proteins  captured  in  the 
immunoprecipitates  covers  a  wide  range  (see  Fig.  S7).  Thus,  we 
expected  that  lower  abundance  proteins  may  drop  below  detection 
in  repeat  experiments.  A  combination  of  bioinformatics  and  mass 
spectrometry  analysis  was  thus  applied  to  meet  this  challenge  as 
also  described  elsewhere  [42,43]. 
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The  Venn  diagrams  of  proteins  pulled  down  with  anti-AIBl  or 
anti-pY  (Fig.  2)  show  the  distribution  of  proteins  between  E2 -treated 
and  untreated,  as  well  as  wild-type  MGF-7  versus  MGF-7:5G  cells 
(A  and  B),  or  between  E2-treated  and  untreated  cells  regardless  of 
cell  type  (G,  top]  and  D,  top),  or  between  MGF-7  and  MGF-7 :5G  cells 
regardless  of  treatment  (G,  bottom]  and  D,  bottom).  The  number  of 
pY-complexed  proteins  identified  was  affected  very  little  by  E2 
treatment  (18  vs.  25  proteins)  with  13  proteins  in  either  treatment 
group  (Fig.  2D).  In  contrast,  there  was  a  significant,  4-fold  higher 
number  of  AIB  1 -interacting  proteins  in  the  E2-treatment  group  (8 
vs.  33  proteins;  p<0.05,  chi-square  test;  Fig.  2G)  with  17  proteins 
not  impacted  in  their  interaction  with  AIBl.  This  suggests  that 
AIB  1  -mediated  protein-protein  interactions  are  more  responsive  to 
E2  treatment,  and  new  protein  complexes  are  induced  by  E2 
(Fig.  2A,G).  In  addition,  the  total  number  of  proteins  in  complexes 
with  AIBl  that  overlap  between  MGF-7  and  MGF-7:5G  cells  was 
not  altered  by  the  treatment,  although  the  fraction  of  proteins  per 
cell  line  that  overlap  decreases  by  1  /2  with  E2-treatment  (3 1  %  to 
16%;  Fig.  2A).  Finally,  while  pathways  activated  by  E2  gave  rise  to 
different  sets  of  pY-containing  protein  complexes  in  both  MGF-7 
and  MGF-7:5G  cells,  the  percentage  of  proteins  that  overlap 
between  cell  lines  remain  almost  constant  regardless  of  treatment 
(4  vs.  5  in  Fig.  2B). 

Figure  3  shows  the  functional  categories  ascribed  to  the  AIBl- 
associated  (top)  and  pY-complexed  (bottom)  proteins.  Tables  SI 
and  S2  identify  the  proteins  in  each  of  these  categories,  cell  lines 
(MGF-7  versus  MGF-7:5G),  and  conditions  i+/  —  E2)  under  which 
they  were  identified.  Nearly  half  of  the  AIB  1 -interacting  proteins 
fall  into  four  categories,  i.e.  cytoskeleton  and  structural  proteins, 
metabolism,  transcription  regulation,  and  signal  transduction. 
Most  of  the  pY-complexed  proteins  fall  into  four  major  functional 
categories:  cytoskeleton  and  structural  proteins,  transcription 
regulation,  signal  transduction,  and  protein  transport  and  vesicle 
trafficking.  Thirteen  proteins  were  found  to  be  both  AIBl- 
interacting  and  pY-complexed  in  MGF-7  and  MGF-7:5G  cells 
(Table  SI). 

Distinct  profiles  were  observed  for  metabolism-related  proteins 
between  AIBl-  and  pY-complexed  proteins,  where  the  AIBl 
complexes  contained  eight  different  enzymes  in  contrast  to  only 
one  in  the  anti-pY  group.  This  is  consistent  with  studies 
demonstrating  that  AIBl  plays  a  role  in  the  control  of  basal 
metabolic  processes  [44,45]  that  resulted  in  growth  retardation  and 
reduced  hormonal  responses  in  AIBl  knock-out  mice  [46].  Quite 
strikingly,  all  of  these  proteins  were  identified  in  E2  treated  cells  (e.g. 
5-oxoprolinase  in  MGF-7:5G  and  fatty  acid  synthase  in  MGF-7 
cells),  whereas  only  three  were  identified  in  untreated  as  well  as  E2 
treated  cells.  Seven  AIBl -interacting  proteins  were  detected  in  the 
categories  of  transcriptional  regulation  and  chromatin  complex, 
consistent  with  the  role  of  AIBl  as  a  transcriptional  coactivator. 
Interestingly,  several  proteins  were  found  with  pY  immunoprecip¬ 
itation  that  were  unique  to  E2-treated  MGF-7:5G  cells,  one  of  which 
was  FAKl  (PTK2;  Table  S2).  FAKl  is  known  to  complex  with 
EGFR  as  well  as  with  an  isoform  of  AIB  1  and  thus  contribute  to 
cellular  signaling  in  breast  cancer  cells  [47].  The  MS  based 
identification  of  FAK 1  in  the  anti-pY  immunoprecipitates  was  also 
seen  by  Western  blot  (Fig.  S8A). 

AIBl -containing  protein  complexes  in  E2-treatecl  MCF- 
7:5C  cells 

We  identified  18  proteins  (GI  >95%)  that  interact  with  AIBl  in 
E2-treated  but  not  in  untreated  MGF-7 :5G  cells,  10  of  which  are 
also  unique  to  MGF-7:5G  cells  (Table  SI;  Fig.  2A).  These  E2- 
induced  AIB  1 -interacting  proteins  in  MGF-7:5G  cells  mainly 
segregate  in  the  category  “transcriptional  regulation”  (6  of  18), 
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Figure  2.  Summary  of  proteins  identified  under  different  conditions.  Venn  diagrams  of  proteins  identified  from  anti-AIBI  {A,Q  or  anti-pY  IP 
{B,D)  experimental  groups.  (CD)  Proteins  in  combined  AIB1-IP  or  pY-IP  data  sets.  Individual  proteins  and  subgroups  are  shown  in  Tables  SI  &  S2. 
doi:1 0.1 371  /journal. pone.002041 0.g002 


several  of  whieh  are  also  known  to  be  involved  in  the  eontrol  of 
apoptosis.  For  example,  PRDM5,  a  PR  domain  and  zine-finger 
transeriptional  regulator  is  a  putative  tumor  suppressor  and  has 
been  linked  to  eaneer  eell  apoptosis  [48].  TLE3,  a  transeriptional 
eorepressor  that  binds  to  a  number  of  transeription  faetors  [49], 
ean  form  a  transeriptional  repressor  eomplex  with  RUNX3  [50],  a 
known  tumor  suppressor  that  has  been  shown  to  be  involved  in 
apoptosis  in  gastrie  and  eolon  eaneer  [51].  TLE3  has  also  been 
assoeiated  with  the  development  of  anti-estrogen  resistanee  [52]. 
The  MS  identifieation  of  the  83  kDa  TLE3  in  AIBl  immunopre- 
eipitations  (IP)  by  was  also  seen  by  Western  blot  analysis  (Fig. 
S8B).  lASPP  was  identified  in  eomplex  with  AIBl  in  both  E2- 
treated  MCF-7  and  MCF-7:5C  eells,  but  not  in  untreated  eells. 
lASPP,  a  member  of  ASPP  family  of  proteins,  exerts  anti-apoptosis 
effeets  through  modulation  of  p53  [53,54,55].  Interestingly 
PRPF6,  identified  here  as  AIB 1 -interaeting,  is  an  U5  snRNP- 
assoeiated  protein  involved  in  pre-mRNA  splieing  and  has  been 
shown  to  be  a  eoaetivator  of  the  androgen  reeeptor  and  mediates 
its  ligand-independent  AF-1  aetivation  [56].  TLE3,  PRDM5  and 
PRPF6  were  all  uniquely  identified  in  E2-treated  MGF-7:5G  eells. 

Potential  pathways  involved  in  E2-induced  growth  and 
apoptosis 

To  inerease  the  potential  of  identifying  pathways  partieipating 
in  E2-indueed  growth  and  apoptosis  from  the  MS  data  sets,  we  not 
only  analyzed  proteins  identified  from  MS  with  high  eonfidenee 


(GI  >95%),  but  also  took  a  global  approaeh  to  inelude  all  proteins 
identified  at  various  GI  levels  (see  http://pir.georgetown.edu/ 
iproxpress/ eoe2)  by  MS  before  filtering  for  pathway  mapping  with 
the  Ingenuity^^  and  GeneGO^^  pathway  tools  [43].  We 
hypothesized  that  if  proteins  identified  at  lower-level  eonfidenee 
by  MS  are  found  in  known  pathways  that  are  eonsistent  with  the 
eellular  phenotypes,  they  may  provide  valuable  meehanistie 
insights.  Also,  supporting  this  approaeh  are  data  from  a  reeent 
study  [57]  with  immunopreeipitation  of  nuelear  extraets  from 
MGF-7  eells  that  identified  13  of  the  15  proteins  we  had  seen  at  GI 
values  in  the  lower  range  of  42-90%.  The  eanonieal  pathway 
mapping  analyses  of  all  identified  proteins  suggest  that  several 
pathways  are  signifieantly  represented  both  for  proteins  immuno- 
preeipitated  with  anti-AIBI  and  for  those  with  anti-pY,  ineluding 
GPGRs,  apoptosis,  PI3K/AKT,  and  Wnt/(3-eatenin  and  Noteh 
signaling  pathways  (Fig.  SI,  S2,  S3,  S4): 

GPCR  and  growth  factor  signaling.  Figure  SI  depiets  the 
GPGR-indueed  eell  growth  pathway,  in  whieh  a  number  of 
proteins  were  identified  in  both  AIBl  and  pY-assoeiated 
eomplexes.  Goc(o)  (GNA02,  IP-pY)  and  Rap  1  GAP  (IP- AIBl) 
(Table  S3),  for  example  were  identified  exelusively  in  E2-treated 
MGF-7:5G  eells.  Goc(o)  has  been  shown  to  direetly  bind  to 
Rap  1  GAP  resulting  in  the  inhibition  of  the  Ras-MAPK 
proliferation  pathway  [58].  In  E2-treated  MGF-7  eells,  Got(s) 
(GAS,  GNAS)  and  GALMl  were  eoimmunopreeipitated  with 
AIB  1 ,  while  IP3R  (ITPR3)  was  eoimmunopreeipitated  with  AIB  1 
in  both  E2  treated  MGF-7  and  MGF-7:5G  eells  (Table  S3).  Eaeh 
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Functional  categories  (#  proteins)  %  Total 

Cytoskeleton  and  structural  proteins  (8) 

Metabolisms  (8) 

Transcriptional  regulation  (7) 

Signal  transduction  (6) 

Cellular  motors  (6) 

Ribosomal  proteins  (5) 

Heat  shock  proteins  (3) 

Chromatin  complex  (2) 

RNA  metabolic  process  (2) 

Cell  adhesion  (2) 

Membrane  and  protein  trafficking  (2) 

Cell  cycle  (1) 

Apoptosis  regulation  (1) 

Developmental  process  (1) 

Neurological  system  process  (1) 

Protein  folding  (1) 

Prostate  cancer  (1) 

Autophage  (1) 

0  2  4  6  8  10  12  14 


Cytoskeleton  and  structural  proteins  (14) 
Transcriptional  regulation  (6) 
Protein  transport  and  vesicle  trafficking  (6) 
Signal  transduction  (5) 
Ribosomal  proteins  (5) 
Cell  cycle  (3) 
Cellular  motors  (3) 
Heat  shock  proteins  (3) 
Proteolysis  and  regulation  (2) 
Protein  translation  (2) 
unknown  (2) 
Metabolism  (1) 
apoptosis  (1) 
Protein  foding  (1) 
cell  adhesion  (1) 
Retroviral  envelope  (1) 
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Figure  3.  Functional  categories  of  anti-AIB1  (upper)  and  anti-pY  immunoprecipitated  proteins  (lower)  from  IVICF-7  and  IVICF-7:5C 
breast  cancer  cells.  Numbers  in  parenthesis  are  the  number  of  proteins  belonging  to  the  respective  category.  Proteins  profiled  are  those  with  Cl 
values  >95%  from  mass  spectrometry. 
doi:1 0.1 371  /journal. pone.002041 0.gOOB 


of  these  proteins  is  found  downstream  of  GPCRs,  and  eould  lead 
to  MAPK  pathway  aetivation  and  eell  proliferation. 

GPCRs  and  growth  faetors  (IGF-1  and  EGF)  aet  via 
phosphorylation  of  the  proapoptotie  Bel-2  family  member  BAD 
to  regulate  mitoehondrial-mediated  apoptosis  (Fig.  S2).  BAD  has 
been  shown  to  be  phosphorylated  by  Cde2  (CDKl)  at  SI 28  [59] 
and  Cde2  was  identified  by  anti-pY  immunopreeipitation  in  E2- 
treated  MCF-7:5G  eells  (Table  S2).  Also,  two  phosphatases,  PP2B 
(PPP3CB)  and  PP2G  (WIPl;  Table  S3,  Fig.  S2),  assoeiated  with 
AIBl  only  in  MGF-7  eells.  Both  phosphatases  ean  dephosphor- 
ylate  BAD  and  thus  modulate  apoptosis  [60].  In  addition,  RSKl 
and  RSK2,  identified  only  in  E2-treated  eells  (Table  S3,  Fig.  S2), 
are  also  known  to  modulate  eell  survival  [61,62]. 

Growth  faetors  and  eytokines  ean  induee  eellular  growth  and 
proliferation  through  PI3K-AKT  signaling.  A  number  of  proteins 
eomplexed  with  AIBl  were  identified  in  this  pathway  under 
different  eonditions  (Fig.  S3  and  Table  S3).  The  non-reeeptor 
tyrosine  kinase  TYK2  was  deteeted  in  both  MCF-7  and  MCF- 
7:5G  eells  with  or  without  E2  treatment.  Both  PI3K  eatalytie 
(pi  10)  and  regulatory  (p85)  subunits  were  pulled  down  only  in  E2- 
treated,  not  in  untreated  MCF-7  eells  (Fig.  S3C).  PI3K/pll0  was 
deteeted,  additionally,  in  untreated  but  not  treated  MCF-7:5C 
eells  (Fig.  S3B).  Thus,  PI3K/pll0  was  isolated  only  under 
eonditions  that  promoted  proliferation  in  both  eell  lines.  GSK3P, 
identified  in  AIBl  immunopreeipitates  in  E2-treated  MCF-7  eells 
(Fig.  S3C),  ean  be  aetivated  by  PI3K/AKT,  and  has  also  been 
shown  to  be  a  regulator  of  Wnt  signaling  (see  below).  Finally, 
BGF3,  a  member  of  the  I-kappa-B  family  that  regulates  NFkB- 
mediated  transeription  [63,64],  was  only  identified  in  E2-treated 
MGF-7  eells. 

Wnt/p-catenin  and  Notch  signaling.  Our  data  indieate  that 
Wnt/ P-eatenin,  and  Noteh  signaling  pathways  partieipate  in  E2 
responses  in  both  MGF-7  and  MCF-7:5G  eells  (Fig.  S4).  Several  key 
proteins  in  the  pathway,  sueh  as  Wnt  ligands,  eadherin,  P-eatenin, 
easein  kinases  and  GSK3P  were  identified  in  distinet  AIB 1-  and  pY- 
eontaining  eomplexes,  amongst  different  eells  and  treatments  (Fig. 
S4A,  B  and  G).  For  example,  in  MGF-7:5G  eells,  Frizzled-7  (FZD7) 
and  eadherin  22  (GDH22)  were  identified  in  pY-eontaining 
eomplexes  after  E2  treatment,  while  P-eatenin  assoeiated  with 
AIBl  regardless  of  E2  treatment  (Table  S3).  In  MCF-7  eells,  the 
Wnt  ligand  Wnt-7a,  CK15,  and  GSK3P  were  identified  in  AIBl 
immunopreeipitates  (Table  S3).  CK15  was  reeently  reported  to 
modulate  the  transeriptional  aetivity  of  ERoc  in  an  estrogen- 
dependent  manner  and  regulates  ER-AIBl  interaetions  [65].  An 
additional  protein,  5-eatenin,  or  p  1 20^’^’^,  a  member  of  armadillo/  P- 
eatenin  superfamily  [66],  was  identified  in  the  AIBl  immuno¬ 
preeipitates  of  E2-treated  MGF-7  eells  (Table  SI). 

Our  results  suggest  that  multiple  proteins  found  in  AIBl 
assoeiated  eomplexes,  that  funetion  in  Wnt  signaling,  also  erosstalk 
with  Noteh  and  growth  faetor-indueed  signaling  in  response  to  E2 
treatment  in  breast  eaneer  eells.  TFE3  was  deteeted  only  in  E2- 
treated  MCF-7:5C  eells,  and  Noteh  1,  Noteh3,  and  Numb-like 
protein  were  identified  only  in  E2 -treated  MCF-7  eells  (Table  S3). 
TFE3,  the  mammalian  homolog  of  Gro  [67],  is  a  global 
eorepressor  mediating  transeriptional  repression  targeted  by  a 
number  of  signal  pathways.  As  shown  in  Fig.  S4D,  TFE3  eonneets 
the  Noteh  and  Wnt  pathways  [68,69].  In  addition  to  the  apoptosis 
related  proteins  diseussed  above  (TFE3,  PRDM5,  CDKl),  DBGl 
was  isolated  from  anti-pY  immunopreeipitates  in  E2  treated  MCF- 


7:5C  eells  (Table  S2).  Interestingly,  DBCl  was  reeently  reported  to 
inerease  p53  mediated  apoptosis  in  breast  eaneer  eells  [70].  Taken 
together,  proteins  from  GPCR  and  PI3K/ AKT-mediated  growth 
signaling  pathways  were  more  prevalent  in  E2-stimulated  MCF-7 
eells,  whereas  proteins  related  to  apoptosis  pathways  were  more 
prevalent  in  E2-stimulated  MGF-7:5G  eells.  The  respeetive 
eonneetivity  of  the  pathways  is  depieted  in  Figure  4. 

Global  AIBl  interaction  networks 

To  extraet  further  information  from  these  experimental  data, 
they  were  linked  with  an  AIB  1  interaetion  network  generated  from 
published  data  [43] .  A  eomputational  global  AIB  1  protein 
interaetion  network  ean  be  eonstrueted  from  9 1  AIB  1  interaetion 
partners  (first  neighbors)  based  on  the  literature  published  sinee 
AIBl  was  first  deseribed  in  1997  [37].  These  91  proteins  belong  to 
several  major  funetional  eategories  that  inelude  transeription,  eell 
eommunieation,  developmental  proeesses  and  eell  eyele  regula¬ 
tion.  The  initial  network  was  expanded  to  seeondary  interaetion 
neighbors,  based  on  protein-protein  interaetion  data  in  the  publie 
domain.  At  this  level,  the  network  is  eomposed  of  1150  proteins, 
ineluding  2 1  highly  eonneeted  nodes  that  form  major  hubs  (Fig.  5). 
These  hubs  inelude  p53,  BRGAl,  BCF2,  ABFl,  CDK2,  GDK4, 
EGFR,  ER  (  =  ESR1),  p38,  and  MYC  (Fig.  5  and  S5).  Closely 
related  subnetworks  of  AIBl  (  =  NCOA3)  shown  in  Figure  S5 
[lower panel) ^  eontain  four  hub  proteins:  BRGAl,  MYC,  CDK2  and 
PSME3.  In  the  present  study  we  identified  26  proteins  that  are 
part  of  the  global  AIB  1  interaetion  network  and  funetion  in  signal 
transduetion,  transeriptional  regulation,  the  eytoskeleton,  and  the 
heat  shoek  response. 

Eighteen  of  the  proteins  experimentally  assoeiated  with 
tyrosine-phosphorylated  protein  eomplexes  are  also  part  of  the 
global  AIB  1 -interaetion  network.  Of  these,  seven  were  identified  as 
interaeting  with  AIBl,  ineluding  CAFMl,  ACTB,  ACTGl, 
TUBGCP2,  MYH9,  HSPAIB,  and  HSPA9.  These  proteins 
eorrespond  to  interaeting  hubs,  sueh  as  CDK4,  MYC,  PSME3 
and  CHUK.  We  eonelude  that  these  hubs  may  partieipate  in  the 
differential  eellular  responses  to  E2. 

Connection  of  E2  transcriptome  and  proteome  effects 

An  interesting  question  is  to  what  extent  the  proteomie  pathway 
mapping  parallels  mRNA  expression  profiling  in  MCF-7  and 
MCF-7:5C  eells.  Baseline  mRNA  expression  profiles  of  these  eell 
lines  have  been  posted  earlier  (GSE 10879;  nebi.nlm.nih.gov/).  An 
analysis  of  mRNA  expression  regulation  after  48  hrs  of  E2 
treatment  of  the  eells  was  analyzed  and  published  reeently  [71].  In 
MCF-7  eells  Bel-2,  a  major  anti-apoptosis  gene,  was  found 
upregulated  by  E2  treatment  whereas  no  ehange  of  bel-2  was  seen 
in  MGF-7:5G  eells.  In  our  analysis  Bel-2  is  one  of  the  major  hubs 
in  the  AIBl  interaetion  networks  (Fig.  5  and  S5).  On  the  other 
hand,  the  pro-apototie  Bel-2  antagonists  Bak,  Bax  and  Bim 
mRNAs  were  found  upregulated  2-  to  7 -fold  after  E2  treatment  of 
MCF-7:5C  eells  whereas  no  mRNA  expression  ehange  was  seen  in 
the  MGF-7  eells.  Our  analysis  shows  that  upstream  regulators  of 
the  eanonieal  intrinsie  mitoehondrial  pathway  sueh  as  RSKs,  were 
identified  in  the  proteomies  approaeh  (Fig.  4  and  S2). 

The  most  differentially  regulated  mRNA  after  E2  treatment  was 
Gadd45beta  that  was  found  up-regulated  5-fold  in  MCF-7:5C  eells 
but  down-regulated  5-fold  in  MGF-7  eells  [71].  Gadd45beta  was 
deseribed  earlier  as  a  hub  of  the  MAP  kinase  signaling  easeade  and 
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Figure  4.  Pathway  overview  map  of  proteins  involved  in  E2-induced  cell  growth  or  apoptosis  in  IVICF-7  versus  IVICF-7:5C  breast 
cancer  cells.  The  thick  grey  line  in  the  middle  provides  an  arbitrary  boundary  between  the  pathways.  Anti-AIBI  immunoprecipitated  (AIB1  -IPed)  and 
anti-pY-immunoprecipitated  proteins  (pY-IPed)  are  indicated  by  red  or  green  circles  respectively  (keys  at  the  bottom).  The  blue  circled  proteins  are 
AIBI-IPed  proteins  from  MCF-7  (CALM1)  or  MCF-7:5C  cells  (p-catenin)  under  both  E2-treated  and  untreated  conditions;  the  purple  circled  one  (ITPR3) 
is  an  AIBI-IPed  protein  from  both  cells  only  under  E2  treated  condition,  while  the  yellow  circled  one  (TYK2)  is  an  AIBI-IPed  protein  from  both  cells 
under  both  E2  treated  and  untreated  conditions.  Proteins  circled  in  grey  are  from  known  canonical  pathways  (e.g.  ERK  in  cell  growth  or  BAD  in 
apoptosis)  but  not  identified  here.  Solid  line  arrows  indicate  direct  interactions  (e.g.  CDK1  phosphorylates  RapIGAP)  or  translocations  (e.g.  catenins) 
of  proteins,  while  dashed  arrows  indicate  indirect  actions  of  proteins  (e.g.  AKT  activate  MEK  through  several  steps).  Flammer-ended  lines  indicate 
inhibitory  effects  on  the  target.  Detailled  pathways  are  shown  in  Fig.  SI,  S2,  S3,  S4. 
doi:1 0.1 371  /journal. pone.002041 0.g004 


connects  to  relA,  the  NFkappaB  p65  subunit  (see  e.g.  Ref.  [72])  as 
well  as  cell  survival  in  apoptosis  resistant  cells  [73].  We  isolated 
components  of  GPCR  signaling  in  our  proteomics  analysis  (Fig.  4 
and  Fig.  SI)  that  can  connect  to  these  downstream  effectors  and 
can  thus  serve  as  trigger  mechanisms.  Interestingly,  GPR30 
mRNA  was  found  upregulated  in  MGF-7:5G  cells  after  estradiol 
treatment  [40]  and  GPR30  was  shown  to  rapidly  transmit  non- 
genomic  effects  of  E2  in  breast  cancer  cells  [74].  Overall,  the 
mRNA  expression  analyses  and  proteomics  data  show  some 
interesting  convergences  especially  in  apoptotic  regulatory  path¬ 
ways  which  may  be  functionally  relevant  as  initiators  of  estradiol- 
induced  apoptosis  or  cell  survival. 

Conclusions 

The  estrogen  induced  apoptotic  response  is  most  strongly 
associated  with  early  signaling  changes  in  G-protein  coupled 
receptors,  PI3  kinase,  Wnt  and  Notch  signaling  and  are  integrated 
here  into  a  global  AIB 1  signaling  network  that  controls 
qualitatively  distinct  responses  to  estrogen. 


Materials  and  Methods 

The  overall  experimental  design 

We  used  combined  proteomics  and  bioinformatics  approaches 
[43]  to  identify  the  E2  induced  signaling  pathways  and  networks 
that  are  associated  with  AIBl  and/or  tyrosine  phosphorylated 
proteins  and  that  differentiate  the  MCE-7  from  MCF-7:5G  cells  in 
responses  to  E2  treatment  (Fig.  lA).  A  single  early  time  point  after 
E2  treatment  (2  hrs)  was  examined  to  capture  signaling  events  that 
drive  apoptosis  or  proliferation  in  these  cells.  Repeat  independent 
proteomic  experiments  for  each  of  the  4  experimental  conditions 
and  the  two  different  immunoprecipitations  were  run. 

Cell  culture 

MGF-7  (ATCC)  human  breast  cancer  cells  and  the  MGF-7 
variant  MCF-7 :5G  [75]  ,  which  is  a  clonal  variant  of  MCF-7 
derived  after  longterm  estrogen  deprivation,  were  cultured  in 
RPMI-1640  without  Phenol  Red  (Invitrogen)  supplemented  with 
10%  FBS,  or  in  RPMI-1640  supplemented  with  10%  charcoal/ 
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Figure  5.  A  global  AIBl  interaction  network  showing  the  major  hub  proteins.  Twenty-one  hubs  were  identified  using  a  cutoff  of  20  node 
degrees.  The  full  names  of  the  respective  gene  symbols  are  provided  in  Table  58.  Detailed  nodes  in  the  network  are  shown  in  Fig.  55. 
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dextran-stripped  FBS  (Hyclone)  and  other  supplements,  respee- 
tively,  as  deseribed  previously  [38].  MCF-7  or  MCF-7:5C  eells 
deprived  of  steroid  hormones  for  2  days  were  plated  at  a  density  of 
2,000  and  3,000  eells  per  well,  respeetively,  in  96-well  eell  eulture 
plates.  One  day  after  plating,  eells  were  treated  with  E2  (in 
ethanol)  or  vehiele  (ethanol).  To  monitor  the  portion  of  viable  eells 
after  6  days  of  growth,  the  GellTiter-Glo  lumineseent  eell  viability 
assay  (Promega)  or  WSTl  eolorimetrie  eell  proliferation  assay 
(Roehe)  were  used.  Typieal  readings  of  baseline  growth  without  E2 
were  2.0x10^  RLU  (CeUTiter-Glo)  or  an  OD450  of  0.5  (WSTl). 
Data  are  shown  relative  to  the  baseline. 

Infection  of  IVICF-?  and  I\/1CF-7:5C  with  lentiviral  shRNA 
expression  vectors 

Prior  to  infeetion,  MGF-7  and  MGF-7:5G  eells  were  plated  at  a 
density  of  3x10^  eells  on  10  em  tissue  eulture  dishes.  24  hrs  later, 
eells  were  infeeted  with  lentiviral  partieles  expressing  eontrol  or 
AIB 1 -targeting  shRNAs  (in  pLKO.l).  The  AIBl(l)  shRNA  was 
derived  from  an  siRNA  for  AIBl  previously  deseribed  [25],  and 
the  AIB  1(2)  shRNA  was  from  Sigma  (TRGNOOOOO 19703).  The 
eontrol  shRNA  used  in  the  experiments  is  a  serambled  sequenee 
deseribed  previously  [76].  Briefly,  1  ml  of  lentivirus-eontaining 
supernatant  was  added  to  9  ml  of  growth  medium  and  8  ng/ml 
polybrene,  and  then  added  to  eells  for  24  hrs.  Medium  eontaining 
lentivirus  was  then  replaeed  with  growth  medium  without 
lentivirus.  After  two  days,  eells  were  treated  for  48  hours  with 
5  |ig/ml  puromyein  for  the  seleetion  of  lentiviral  shRNA 
expression. 

Western  blot  analysis,  immunoprecipitation  and  protein 
isolation 

Western  blot  analyses  were  done  as  previously  deseribed  [25], 
using  a  monoelonal  antibody  for  AIBl  (SRG3;  elone  5E11,  Gell 
Signaling).  For  the  mass  speetrometry  analysis,  protein  lysates 
from  eells  treated  for  2  hours  with  E2  or  vehiele  were  subjeeted  to 
immunopreeipitation  using  gamma-bind  G-Sepharose  beads  and 
an  anti- AIBl  monoelonal  antibody  (BD  Bioseienees)  as  deseribed 
[77]  or  an  anti-phosphotyrosine  monoelonal  antibody  (4G-10, 
Millipore).  The  amount  of  protein  input  for  immunopreeipitations 
ranged  between  7  mg  and  14  mg  for  eaeh  of  the  experimental 
eonditions  with  bovine  serum  albumin  used  as  the  standard.  It  is 
noteworthy  that  over  a  24  hour  period  of  E2  treatment  of  eells  the 
AIBl  protein  expression  levels  varied  less  than  2-fold  as  illustrated 
in  Figure  S6.  The  immunopreeipitated  proteins  were  separated  by 
denaturing  SDS-PAGE  on  4-12%  Nu-PAGE  gels  (Invitrogen). 
After  eleetrophoresis,  gels  were  stained  with  Goomassie  blue 
overnight  and  washed  with  ddH20  overnight  to  remove 
baekground  staining.  Stained  gels  were  imaged  using  a  eolor 
seanner  and  visible  bands  were  eut  from  the  gels.  The 
eorresponding  segments  of  lanes  from  the  different  treatments 
were  also  eut  for  analyses  and  served  as  eontrols.  Figure  S7  shows 
a  representative  set  of  stained  gels  with  an  overlay  of  the  grid  of 
segments  harvested  for  the  mass  speetrometry  analyses. 

Mass  spectrometry  analysis 

SDS-PAGE  gel  sliees  were  subjeeted  to  tryptie  digest  and 
followed  by  MS  and  MS /MS  on  an  ABI  MALDI-TOF-TOF. 
Proteins  in  the  MS  or  MS /MS  analysis  were  identified  based  on 
searehes  of  the  Swiss-Prot  database  using  the  seareh  engine 
Maseot  2.0.  The  Swiss-Prot  database  searehed  was  based  on  its  9/ 
24/2007  release  (287,050  sequenees).  The  database  seareh 
parameters  used  were:  1)  enzyme  speeifieity  eonsidered,  trypsin; 
2)  number  of  missed  eleavages  permitted,  1;  3)  fixed  modifiea- 


tion(s),  earbamidomethyl  (G);  4)  variable  modifieation(s),  oxidation 
(M);  5)  mass  toleranee  for  preeursor  ions,  75ppm;  and  6)  mass 
toleranee  for  fragment  ions,  0.3  Da.  Trypsin  autolysis  peaks  were 
exeluded  from  the  peak  list.  GPS  Explorer  (Version  3.0)  with 
default  parameter  setting  was  used  to  generate  the  peak  list  from 
raw  data  whieh  were  submitted  to  database  searehes  using  Maseot. 
The  eonfidenee  interval  (GI)  for  the  peptide  identifieation  was 
ealeulated  by  GPS  Explorer.  A  GI  of  >95%  (or  expeetation  value 
^0.05)  was  used  as  a  eut  off  for  the  high  GI  proteins. 

Bioinformatics  Analysis 

Protein  data  filtering.  Proteins  identified  from  mass 
speetrometry  were  subjeeted  to  extensive  bioinfo rmaties  analysis, 
ineluding  protein  data  filtering,  funetional  profiling  and  pathway 
mapping  as  deseribed  previously  [78].  Protein  identities  from 
different  experimental  groups  were  assigned  levels  of  identifieation 
eonfidenee  based  on  statistieal  proeessing  by  GPS  Explorer^^  of 
the  MASGOT  seareh  results.  It  is  eommonly  known  that  false 
negative  identifieation  is  generated  beeause  low-seored  proteins 
may  result  from  faetors  sueh  as  database  size,  protein  abundanee 
and  the  type  of  mass  speetrometry  instrumentation.  Therefore,  in 
addition  to  analyzing  the  proteomie  data  based  on  the  prioritized 
list  of  proteins  with  high  Gonfidenee  Interval  (GI;  Tables  SI,  S2), 
we  also  used  a  global  approaeh  for  pathway  mapping  on  proteins 
identified  at  all  eonfidenee  levels.  We  provide  the  identity,  GI  and 
speetra  of  those  proteins  as  well  as  the  referenee  to  the  respeetive 
pathway  figures  in  Table  S3. 

We  used  the  following  eriteria  to  filter  the  protein  lists,  (i) 
Proteins  with  MS  eonfidenee  interval  (GI)  values  smaller  than  95% 
were  removed  to  reduee  false-positive  results;  (ii)  Proteins 
deseribed  to  be  non-speeifie  interaetors  e.g.  HSPA5  and 
Desmoplakin  [79]  were  removed;  (iii)  High  abundant,  non-speeifie 
proteins  e.g.  keratins  were  removed;  (iv)  Proteins  migrating  at  an 
apparent  mass  in  the  SDS-PAGE  that  was  different  from  the 
ealeulated  mass  or  the  experimentally  deseribed  mass  or  the 
predieted  mass  were  removed.  A  representative  set  of  Goomassie 
stained  gels  after  immunopreeipitations  is  shown  in  Fig.  S7  to 
illustrate  this  latter  eonsideration. 

Protein  annotation,  profiling  and  pathway  analysis.  The 
iProXpress  bioinformaties  system  (http://pir.georgetown.edu/ 
iproxpress)  was  used  for  protein  annotation,  funetion  and 
pathway  profiling  of  the  proteomies  data.  The  experimental 
group(s)  in  whieh  the  proteins  were  identified  was  annotated  for  all 
proteins  and  integrated  into  the  iProXpress  system  for  direet 
funetional  eomparison  between  seleeted  groups,  sueh  as  eell  types, 
E2  treatment,  and  experimental  repeats.  The  proeedure  of  using 
iProXpress  system  has  been  deseribed  reeently  [43,78].  The  data 
sets  are  aeeessible  at  http://pir.georgetown.edu/iproxpress/eoe2/ 

.  Pathway  mapping  and  network  visualization  are  assisted  with 
Ingenuity  Pathways  Analysis  (IP A)  (www.ingenuity.eom)  and 
GeneGO  MetaGore  (www.GeneGO.eom)  software  tools. 

Data  mining  for  known  AIBl  interactors.  The  global 
AIB  1  interaetion  network  refers  to  a  network  of  genes  or  proteins 
that  direetly  or  indireetly  interaet  or  are  funetionally  assoeiated 
with  AIBl  regardless  of  eell/tissue  types  or  speeies  in  whieh  the 
interaetion  oeeurs.  The  network  is  was  eomputationally  generated 
based  on  two  sourees  of  data,  i.e.  the  published  literature 
(PubMed)  and  protein-protein  interaetions  (PPI)  available  from 
publie  databases.  A  list  of  AIB  1  synonyms  ineluded  as  query  terms 
“AIBl  OR  AIB-1  OR  NGOA3  OR  NGOA-3  OR  SRG3  OR 
SRG-3  OR  TRAMl  OR  AGTR  OR  pGIP”  to  seareh  PubMed 
and  retrieved  a  total  of  about  650  papers  related  to  AIBl.  Of  these 
papers  about  250  papers  that  eontain  AIBl  interaetion  or 
funetional  assoeiation  information  were  eurated,  and  a  total  of 
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9 1  AIB 1  interaction  partners  were  thus  obtained.  The  interaction 
types  in  the  literature  included  physical  interactions,  such  as 
''binding'^  ''complex'^  'Hntemcf\  'phosphoiylatM\  etc.,  and  functional 
associations,  such  as  ^^actwatM\  ^Porrelated  expression'',  ^Head  to 
degradation" ,  modulate" ,  ^promoter  binding" ,  ^^suppression" ,  etc.  These 
interacting  proteins/genes  reported  for  human  as  well  as  other 
species  from  mouse  to  Xenopus,  were  mapped  to  corresponding 
human  orthologs  based  on  UniProtKB  database. 

The  protein /protein  interaction  (PPI)  data  annotated  in 
bioinformatics  databases  were  obtained  from  IntAct  database 
[80],  which  contains  high  throughput  PPI  data  from  Y2H  and  IP 
in  addition  to  literature  data.  The  AIBl  interaction  network  was 
constructed  based  on  the  binary  interactions  of  the  curated  91 
AIB  1 -interacting  proteins  and  those  from  the  PPI  database.  The 
network  was  clustered  and  filtered,  and  major  hubs  were  selected 
using  a  cutoff  of  a  node  degree  of  20.  Cytoscape  open  source 
software  was  used  to  display  the  network  for  visual  examinations. 

Supporting  Information 

Figure  SI  Proteins  identified  in  GPCR  signaling  path¬ 
ways.  Canonical  cell  growth  pathways  initiated  by  GCPR 
signaling  are  depicted  based  on  the  MetaCore  pathway  tool  of 
GeneGO.  The  AIBl-  and  pY-IPed  proteins  identified  from  the 
study  were  mapped  to  the  pathway  using  MetaCore,  which  were 
manually  re-annotated  in  the  red-lined  white  boxes  with  black 
arrows  pointing  to  the  specific  protein  depictions.  The  corre¬ 
sponding  experimental  conditions  under  which  the  proteins  were 
identified  are  indicated  at  the  bottom.  Proteins  were  AIBl-IPed 
under  conditions  indicated  as  A-D,  or  pY-IPed  indicated  by  “p”. 
(TIP) 

Figure  S2  Proteins  identified  in  apoptosis  pathways. 

The  canonical  intrinsic  mitochondrial  apoptosis  pathway  is 
depicted  based  the  MetaCore  pathway  tool  of  GeneGO.  Similar 
to  Fig.  S3,  the  anti-AIBl-  and  pY-IPed  proteins  identified  from  the 
study  were  mapped  to  the  pathway  and  were  manually  re¬ 
annotated  with  red-lined  white  boxes  with  the  specific  protein 
identified  here. 

(TIP) 

Figure  S3  Proteins  identified  in  the  PI3K/AKT  path¬ 
way.  The  canonical  PI3K/AKT  pathway  is  depicted  based  on 
the  Ingenuity  pathway  tool.  AIB  1  -IPed  proteins  that  were  mapped 
to  the  canonical  pathway  are  shown  as  orange-colored  shapes  in 
four  panels,  each  representing  the  same  PI3K/AKT  pathway  with 
different  mapped  proteins  that  were  identified  from  untreated 
MCF-7  (A)  or  MCF-7:5C  (B)  and  E2-treated  MCF-7  (C)  or  MCF- 
7:5C  (D)  cells.  Some  proteins  in  the  pathway  were  manually  re¬ 
annotated  with  green-colored  box  to  indicate  the  specific  protein 
forms  identified  in  this  study  that  correspond  to  the  protein  classes 
represented  in  the  canonical  pathway,  e.g.  JAK  refers  to  the  non¬ 
receptor  type  tyrosine  kinases,  such  as  TYK2  here. 

(TIF) 

Figure  S4  Proteins  identified  in  the  Wnt/  P-catenin 
pathway.  The  canonical  Wnt/ P-catenin  pathway  is  depicted 
based  on  the  Ingenuity  pathway  tool.  AIB  1  -IPed  proteins  that  can 
be  mapped  to  the  canonical  pathway  are  shown  as  orange-colored 
shapes  in  four  panels,  each  representing  the  same  Wnt/  P-catenin 
pathway  with  different  mapped  proteins  that  were  identified  from 
untreated  MGF-7  (A)  or  MGF-7:5G  (B)  and  E2-treated  MGF-7  (G) 
or  MGF-7:5G  (D)  cells.  Some  proteins  in  the  pathway  were 
manually  re-annotated  with  green-colored  box  to  indicate  the 
specific  protein  forms  identified  in  the  experiment  that  correspond 
to  the  classes  represented  in  the  canonical  pathway,  e.g.  Wnt  refers 


to  class  of  Wnt  ligands,  such  as  Wnt-4  and  Wnt-7a.  Some  proteins 
manually  labeled  with  a  “P”  in  red  indicate  that  they  were 
identified  as  pY-IPed. 

(TIF) 

Figure  S5  AIBl  interaction  network.  A  global  AIBl 
interaction  network  (upper)  and  the  selected  sub-networks  (lower) 
are  shown.  The  overall  topology  of  the  network  is  displayed  with 
Spring-embedded  layout  using  Gytoscape  network  visualization 
software  before  network  clustering  (image  can  be  zoomed  in  to 
view  individual  node).  Proteins  that  are  identified  with  high 
confidence  in  this  study  are  colored  as  green  (AIBl -IPed),  yellow 
(pY-IPed)  or  dark  brown  (both  AIBl-  and  pY-IPed)  nodes.  Hub 
proteins  that  are  subsequently  clustered  with  AIBl  in  several 
subnetworks  are  indicated  with  arrows  [upper).  Individual  nodes  in 
AIB  1 -clustered  subnetworks  are  shown  in  the  lower  panel,  with 
major  functional  categories  labeled  for  the  hub  proteins. 

(TIF) 

Figure  S6  Western  blot  analysis  for  AIBl.  Gells  treated 
with  E2  for  different  times  were  harvested  and  Western  blot 
analysis  for  AIBl  was  performed  as  described  in  Materials  and 
Methods. 

(TIF) 

Figure  S7  Coomassie  stained  protein  gels  after  anti- 
AIBl  or  -pY  immunoprecipitation  (IP).  MGF-7  and  MGF- 
7 :5G  cells  were  treated  or  not  with  E2  for  2  hours,  and  proteins  were 
extracted  for  IP.  The  immunoprecipitated  proteins  were  separated 
by  4—12%  Nu-PAGE,  stained,  washed  with  ddH20  and  imaged 
using  a  color  scanner.  The  images  were  magnified  and  analyzed 
visually  on  a  screen.  After  identification,  bands  were  cut  from  the  gels 
and  great  care  was  taken  to  isolate  the  same  segment  of  aU  lanes  from 
the  different  treatments  for  a  parallel  MS  analysis.  Representative 
stained  gels  with  the  segments  to  be  cut  for  analysis  are  indicated. 
Slices  numbered  1—10  or  1—13  were  cut  from  the  gels  for  each 
segment  that  showed  at  least  one  distinctly  regulated  protein. 
Molecular  masses  of  marker  proteins  are  indicated  (10-250  kDa). 
(TIF) 

Figure  S8  Western  blot  analysis  confirms  that  FAKl  and 
TLE3  are  immunoprecipitated  from  E2  treated 
MCF7:5C  cells.  MGF-7:5G  cells  were  treated  or  not  with  E2 
for  2  hours,  and  proteins  were  extracted  for  IP/ Western  analysis 
A)  Tyrosine-phosphorylated  endogenous  proteins  were  immuno¬ 
precipitated  with  anti-phosphotyrosine  monoclonal  antibody  (4G- 
10,  Millipore)  and  the  immunoprecipitate  was  resolved  on  SDS- 
PAGE  followed  by  Western  analysis.  The  input  is  5%  of  the 
amount  of  total  cell  lysates  for  IP.  FAKl  was  detected  on  the  blot 
with  an  anti-FAKl  antibody  (A- 17,  Santa  Gruz).  B)  AIBl 
interacting  proteins  were  immunoprecipitated  using  an  anti- 
AIBl  monoclonal  antibody  (BD  Biosciences).  The  input  is  5%  of 
the  amount  of  total  cell  lysates  for  IP.  TEE 3  was  detected  on  the 
blot  with  a  TLE3  antibody  (Abeam). 

(TIF) 

Table  SI  AIBl -interacting  proteins  with  a  Cl  value  of 
^95%.  AIB  1 -interacting  proteins  (n  =  58)  isolated  from  MGF-7 
and  MGF-7:5G  cells  identified  by  MALDI-MS/MS  with  a  GI 
value  of  ^95%  are  listed  and  assigned  with  functional  categories. 
The  number  of  peptides  identified  and  %  coverage  are  in  Table 
S4.  Various  experimental  groups  in  which  AIB  1 -interacting 
proteins  were  identified,  are  shown  in  the  right  side  columns 
(with  vertical  column  names),  and  the  number  of  total  proteins  in 
each  group  is  given  in  parenthesis.  Proteins  are  arranged  by  their 
functional  categories  (see  Fig.  3)  and  the  number  of  proteins  in 
each  experimental  group  of  a  given  category  is  also  indicated  in 


PLoS  ONE  I  www.plosone.org 


10 


June  2011  |  Volume  6  |  Issue  6  |  e20410 


Estrogen-Induced  Growth  and  Apoptosis 


the  same  row  of  the  eategory.  The  eolumn  furthest  to  the  right 
shows  AIB 1 -interaeting  proteins  in  this  study  that  are  also 
identified  as  part  of  the  AIBl  protein  interaetion  (int.)  network. 
“X”  indieates  the  presenee  of  a  given  protein  in  a  given 
experimental  group  or  in  the  AIBl  interaetion  network.  Asterisks 
by  the  protein  aeeession  indieate  AIB  1 -interaeting  proteins  that 
are  also  identified  in  pY  eomplexes  (see  Table  S2). 

(DOC) 

Table  S2  Phosphotyrosine  complexed  proteins  with  a 
Cl  value  of  ^95%.  Proteins  pulled  down  with  anti-pY  in  MCF-7 
and  MCF-7:5G  eells  identified  from  MALDI-MS/MS  with  a  Cl 
value  of  >95%  are  listed  and  assigned  with  funetional  eategories. 
The  number  of  peptides  identified  and  %  eoverage  are  in  Table  S5. 
Various  experimental  groups  in  whieh  tyrosine-phosphorylated 
proteins  are  identified  are  shown  in  the  right  eolumns  (with  vertieal 
eolumn  names),  and  the  number  of  proteins  in  eaeh  group  is  given 
in  parenthesis.  Proteins  are  arranged  by  their  funetional  eategories 
(see  Fig.  3)  and  the  number  of  proteins  in  eaeh  experimental  group 
of  a  given  eategory  is  also  indieated  in  the  same  row  of  the  eategory. 
“X”  indieates  the  presenee  of  a  given  protein  in  a  given 
experimental  group  or  in  the  AIBl  interaetion  network.  Asterisks 
by  the  protein  aeeession  indieate  IP-pY  eomplexes  that  are  also 
identified  as  AIB  1 -interaeting  (see  Table  SI). 

(DOG) 

Table  S3  Pathway  mapping  of  proteins  identified  with  a 
CI<95%.  Proteins  are  listed  alphabetieally  based  on  the  “gene 
name”  eolumn  for  anti-AIBl  or  anti-pY  immunopreeipitated 
proteins.  In  the  “Experiment”  eolumn  A  to  D  indieate:  A,  MCF-7 
eells,  no  E2;  B,  MCF-7:5G  eells,  no  E2;  G,  MCF-7  eells,  -I-E2;  and 
D,  MGF-7:5G  eells,  -I-E2.  The  “Spee”  eolumn  referenees  the 
eorresponding  mass  speetrum  for  single  peptide  MS /MS  identi- 
fieation  in  the  seetion  “Single  peptide  speetral  data”  appended  at 
the  end  of  this  table.  The  “Figures”  eolumn  indieates  in  whieh 
figure(s)  the  proteins  are  depieted,  exeept  for  a  few  only  diseussed 
in  the  main  text  [text).  In  the  speetral  data  seetion,  the  underlined  C 
and  M  in  “peptide  sequenees”  eolumn  represent  fixed  (earbami- 
domethyl)  and  variable  (oxidation)  modifieations,  respeetively. 
"^MAEDI-TOF-MS  generates  peptides  eontaining  only  one 
eharge,  and  the  preeursor  m/z  is  thus  equal  to  the  preeursor 
mass.  NA,  not  available. 

(DOG) 

Table  S4  AIBl -complexed  proteins  identified  by 
MALDI-TOF-TOF.  Proteins  were  identified  based  on  single 
MS  (MS)  or  tandem  MS  (MS /MS)  using  the  seareh  engine  Maseot 
2.0  from  the  Swiss-Prot  database.  Note  that  the  same  proteins 
eould  be  identified  under  different  experimental  (“Exp.”)  eondi- 
tions:  A,  MCF-7  eells,  no  E2;  B,  MGF-7:5C  eell,  no  E2;  G,  MCF-7 
eell,  -I-E2;  D,  MCF-7:5G  eell,  -I-E2.  For  proteins  identified  from 
single  peptide  MS /MS,  speetral  data  (Spee.)  are  refereneed  using 
the  labels  (A1-A30)  to  eorrespond  to  those  shown  in  Table  S6.  All 
speetra  for  single  peptides  shown  here  are  manually  inspeeted, 
ineluding  the  one  that  shows  Cl  of  93%  but  with  good  ion 
fragments.  *The  %  eoverage  for  single  peptide  MS /MS  was  only 
stated  if  the  respeetive  peptide  eovered  ^  1  %  of  the  protein.  The 
speetra  and  sequenees  are  in  Table  S6. 

(DOG) 
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ABSTRACT 

Bazedoxifene  (BZA)  is  a  third-generation  selective  estrogen 
receptor  modulator  (SERM)  that  has  been  approved  for  the 
prevention  and  treatment  of  postmenopausal  osteoporosis.  It 
has  antitumor  activity;  however,  its  mechanism  of  action  re¬ 
mains  unclear.  In  the  present  study,  we  characterized  the  ef¬ 
fects  of  BZA  and  several  other  SERMs  on  the  proliferation  of 
hormone-dependent  MCF-7  and  T47D  breast  cancer  cells  and 
hormone-independent  MCF-7:5C  and  MCF-7:2A  cells  and  ex¬ 
amined  its  mechanism  of  action  in  these  cells.  We  found  that  all 
of  the  SERMs  inhibited  the  growth  of  MCF-7,  T47D,  and  MCF- 
7:2A  cells;  however,  only  BZA  and  fulvestrant  (FUL)  inhibited 
the  growth  of  hormone-independent  MCF-7:5C  cells.  Cell  cycle 
analysis  revealed  that  BZA  and  FUL  induced  G-,  blockade  in 
MCF-7:5C  cells;  however,  BZA  down-regulated  cyclin  D1, 
which  was  constitutively  overexpressed  in  these  cells,  whereas 


FUL  suppressed  cyclin  A.  Further  analysis  revealed  that  small 
interfering  RNA  knockdown  of  cyclin  D1  reduced  the  basal 
growth  of  MCF-7:5C  cells,  and  it  blocked  the  ability  of  BZA  to 
induce  G-,  arrest  in  these  cells.  BZA  also  down-regulated  es¬ 
trogen  receptor-o:  (ERa)  protein  by  increasing  its  degradation 
and  suppressing  cyclin  D1  promoter  activity  in  MCF-7:5C  cells. 
Finally,  molecular  modeling  studies  demonstrated  that  BZA 
bound  to  ERo:  in  an  orientation  similar  to  raloxifene;  however,  a 
number  of  residues  adopted  different  conformations  in  the 
induced-fit  docking  poses  compared  with  the  experimental 
structure  of  ERa-raloxifene.  Together,  these  findings  indicate 
that  BZA  is  distinct  from  other  SERMs  in  its  ability  to  inhibit 
hormone-independent  breast  cancer  cell  growth  and  to  regu¬ 
late  ERa  and  cyclin  D1  expression  in  resistant  cells. 


Introduction 

Bazedoxifene  acetate  (BZA)  is  a  new  third-generation  se¬ 
lective  estrogen  receptor  modulator  (SERM)  (Silverman  et 
al.,  2008)  that  is  approved  in  Europe  and  is  under  regulatory 
review  in  the  United  States  for  the  prevention  and  treatment 
of  postmenopausal  osteoporosis.  In  phase  III  clinical  trials 
(Miller  et  al.,  2008;  Archer  et  al.,  2009;  Pinkerton  et  al.,  2009) 
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BZA  (20  or  40  mg/daily)  has  been  shown  to  prevent  bone  loss 
and  to  reduce  bone  turnover  in  postmenopausal  women  at 
risk  for  osteoporosis,  with  a  favorable  endometrial,  ovarian, 
and  breast  safety  profile.  BZA  also  significantly  reduces  the 
risk  of  new  vertebral  fractures  in  postmenopausal  women 
with  osteoporosis  compared  with  placebo  (Silverman  et  al., 
2008).  In  addition,  recent  studies  indicate  that  BZA  com¬ 
bined  with  conjugated  estrogens  relieves  hot  flashes  and 
improves  vulvovaginal  atrophy  and  its  symptoms  (Kagan  et 
al.,  2010). 

BZA  is  an  indole-based  ER  ligand  with  unique  structural 
characteristics  with  respect  to  tamoxifen  (TAM)  and  ralox¬ 
ifene  (RAL).  It  was  assembled  by  using  RAL  as  a  template 
and  substituting  an  indole  ring  for  the  benzothiophene  core 
(Miller  et  al.,  2001;  Komm  et  al.,  2005).  BZA  binds  to  both 
ERu  and  ERj8,  with  a  slightly  higher  affinity  for  ERu;  how- 


ABBREVIATIONS:  BZA,  bazedoxifene  acetate;  ER,  estrogen  receptor;  SERM,  selective  estrogen  receptor  modulator;  TAM,  tamoxifen;  RAL, 
raloxifene;  E2,  17j8-estradiol;  FUL,  fulvestrant;  siRNA,  small  interfering  RNA;  40HT,  4-hydroxytamoxifen;  ENDOX,  endoxifen;  Luc,  luciferase;  ERE, 
estrogen  response  element;  PCR,  polymerase  chain  reaction;  RT-PCR,  reverse  transcriptase-polymerase  chain  reaction;  IFD,  Induced  Fit  Docking; 
SRC,  steroid  receptor  coactivator;  ICI  182,780,  fulvestrant;  MG132,  A/-benzoyloxycarbonyl  (Z)-Leu-Leu-leucinal;  PDB,  Protein  Data  Bank. 
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ever,  it  is  less  ERa-selective  than  RAL,  with  an  affinity  for 
ERn  that  is  approximately  10-fold  lower  than  17]8-estradiol 
(E2)  (Miller  et  ah,  2001).  ERo:  is  a  well  studied  member  of  the 
steroid/nuclear  receptor  family  of  transcription  regulators. 
ERu  acts  in  the  nucleus  to  regulate  gene  expression  by  bind¬ 
ing  to  estrogen  response  elements  (EREs)  and  related  DNA 
sequences  and  through  association  with  transcription  factors 
bound  at  SPl  and  AP-1  DNA  binding  sites.  In  response  to 
high-affinity  estrogen  binding,  ERu  dimerizes,  binds  to  ERE 
DNAs,  and  undergoes  a  conformational  change  in  the  ligand 
binding  domain  that  facilitates  the  recruitment  of  coactiva¬ 
tors.  In  contrast,  antagonist-occupied  ERu  recruits  corepres¬ 
sors.  Although  previous  studies  have  reported  that  BZA  antag¬ 
onizes  E2-dependent  MCF-7  breast  cancer  cell  proliferation  in 
vitro  (Komm  et  al.,  2005),  little  is  known  about  the  actions  of 
BZA  on  ERu  expression  and  functionality.  In  addition,  not 
known  is  whether  BZA  has  antitumor  activity  in  breast  cancer 
cells  that  have  acquired  resistance  to  endocrine  therapies. 

We  have  reported  previously  the  development  of  two  ERu- 
positive  human  breast  cancer  cell  lines,  MCF-7:5C  (Jiang  et 
al.,  1992;  Lewis  et  al.,  2005a)  and  MCF-7:2A  (Pink  et  al., 
1995;  Lewis-Wambi  et  al.,  2008b),  that  were  clonally  selected 
from  hormone-dependent  MCF-7  breast  cancer  cells  after 
long-term  (>1  year)  estrogen  deprivation.  An  interesting 
phenotype  of  MCF-7 :5C  and  MCF-7 :2A  cells  is  that,  unlike 
MCF-7  cells,  which  require  estrogen  to  grow  and  are  inhib¬ 
ited  by  antiestrogens,  they  do  not  require  estrogen  to  grow 
and  they  undergo  apoptosis  when  exposed  to  physiological 
levels  of  E2  (Lewis  et  al.,  2005a;  Jordan,  2008;  Lewis-Wambi 
et  al.,  2008b).  However,  the  effects  of  SERMs  on  MCF-7 :5C 
and  MCF-7:2A  cells  have  not  been  fully  examined.  In  this 
study,  we  investigated  the  effects  of  BZA,  4-hydroxytamox- 
ifen  (40HT),  endoxifen  (ENDOX),  RAL,  and  the  pure  anties¬ 
trogen  fulvestrant  (ICI  182,780)  on  the  growth  of  MCF-7:5C 
and  MCF-7:2A  breast  cancer  cells  and  determined  the  mech¬ 
anism  of  action  of  BZA  in  these  cells.  We  found  that  all  of  the 
SERMs  inhibited  E2-stimuIated  MCF-7  and  T47D  breast 
cancer  cell  growth;  however,  only  BZA  and  FUL  significantly 
inhibited  the  hormone-independent  growth  of  MCF-7:5C 
cells.  The  inhibitory  effect  of  BZA  was  associated  with  cell 
cycle  arrest  and  cyclin  D1  and  ERu  down-regulation,  which 
was  reversed  by  small  interfering  RNA  (siRNA)  knockdown 
of  cyclin  D1  and  ERu.  It  is  noteworthy  that  we  found  that 
FUL  also  inhibited  MCF-7:5C  cell  growth;  however,  this  com¬ 
pound  partially  down-regulated  cyclin  Dl.  Together,  these 
data  show  that  BZA  is  distinct  from  the  other  members  of  the 
SERM  family  in  its  ability  to  inhibit  the  growth  of  breast 
cancer  cells  that  are  resistant  to  long-term  estrogen  deprivation. 

Materials  and  Methods 

Reagents  and  Cell  Culture.  E2,  40HT  (the  active  metabolite  of 
TAM),  and  A-benzoyloxycarbonyl  (Z)-Leu-Leu-leucinal  (MG132) 
were  purchased  from  Sigma-Aldrich  (St.  Louis,  MO).  Fulvestrant 
(ICI  182,780,  Faslodex)  was  a  generous  gift  from  Dr.  A.  E.  Wakeling 
(Zeneca  Pharmaceuticals,  Macclesfield,  UK).  ENDOX  was  a  kind  gift 
from  Dr.  James  Ingle  of  the  Mayo  Clinic  (Rochester,  MN).  RAL  was 
a  generous  gift  from  Lilly  Research  Laboratories  (Indianapolis,  IN). 
BZA  was  synthesized  by  authors  R.G.  and  M.A.S.  using  a  protocol 
described  previously  (Miller  et  al.,  2001).  All  of  the  compounds  were 
dissolved  in  100%  ethanol  except  for  MG132,  which  was  dissolved  in 
dimethyl  sulfoxide.  The  compounds  were  added  to  the  medium  such 
that  the  total  solvent  concentration  was  never  higher  than  0.1%.  An 


untreated  group  served  as  a  control.  The  chemical  structures  of  the 
compounds  used  in  this  study  have  been  cited  before  (Komm  et  al., 
2005;  Jordan,  2007,  2009)  and  are  shown  in  Supplemental  Fig.  1. 

MCF-7: WS8  and  T47D:A18  human  mammary  carcinoma  cells, 
clonally  selected  from  their  parental  counterparts  for  sensitivity  to 
growth  stimulation  by  E2  (Pink  and  Jordan,  1996),  were  used  in  all 
experiments  indicating  MCF-7  and  T47D  cells.  Cells  were  main¬ 
tained  in  estrogenized  medium  (phenol  red  RPMI  1640  plus  10% 
fetal  bovine  serum),  but  3  days  before  all  experiments,  they  were 
cultured  in  steroid-free  media  as  described  previously  (Pink  and 
Jordan,  1996;  Lewis  et  al.,  2005a,b).  MCF-7:5C  (Jiang  et  al.,  1992; 
Lewis  et  al.,  2005a,b),  and  MCF-7:2A  cells  (Pink  and  Jordan,  1996; 
Lewis-Wambi  et  al.,  2008b)  were  derived  from  the  MCF-7  line  by 
growth  in  estrogen-free  media  and  two  rounds  of  limiting  dilution 
cloning  and  were  maintained  in  phenol  red-free  RPMI  1640  medium 
containing  10%  3X  dextran-coated  charcoal-treated  fetal  bovine  se¬ 
rum.  MC2  cells  were  derived  by  stably  transfecting  ER-negative 
MDA-MB-231  breast  cancer  cells  with  the  wild-type  ERn  (Jiang  and 
Jordan,  1992),  and  these  cells  were  grown  in  phenol  red-free  minimal 
essential  medium  supplemented  with  5%  3X  dextran-coated  char¬ 
coal-treated  calf  serum,  0.5  mg/ml  G-418.  All  cell  culture  reagents 
were  from  Invitrogen  (Carlsbad,  CA). 

Cell  Proliferation  Assay.  These  procedures  have  been  reported 
previously  (Lewis  et  al.,  2005;  Lewis-Wambi  et  al.,  2008).  In  brief, 
MCF-7  and  T47D  cells  were  grown  in  fully  estrogenized  medium, 
whereas  MCF-7:5C  and  MCF-7:2A  cells  were  grown  in  nonestrog- 
enized  media.  Cells  were  seeded  in  24-well  plates  (30,000/well),  and 
after  overnight  incubation,  cells  were  treated  with  various  concen¬ 
trations  of  the  tested  compounds  for  7  days.  Media  were  changed  on 
days  3  and  5,  the  experiment  was  ended  on  day  7,  and  the  DNA 
content  of  the  cells  was  determined  as  described  previously  (Labarca 
and  Paigen,  1980)  using  a  Fluorescent  DNA  Quantitation  kit  (Bio- 
Rad  Laboratories,  Hercules,  CA).  Cell  proliferation  was  also  deter¬ 
mined  by  cell  counting  using  a  hemacytometer. 

Western  Blot  Analyses.  Immunoblotting  was  performed  using 
30  jag  of  protein  per  well  as  described  previously  (Lewis  et  al.,  2005a). 
Membranes  were  probed  with  primary  antibodies  against  ERn,  pro¬ 
gesterone  receptor,  cyclin  A,  cyclin  Bl,  or  cyclin  Dl  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA)  with  j8-actin  (AC-15;  Sigma-Aldrich) 
used  to  standardize  loading.  The  appropriate  secondary  antibody 
conjugated  to  horseradish  peroxidase  (Santa  Cruz  Biotechnology) 
was  used  to  visualize  the  stained  bands  with  an  enhanced  chemilu¬ 
minescence  visualization  kit  (GE  Healthcare,  Chalfont  St.  Giles, 
Buckinghamshire,  UK).  Bands  were  quantitated  by  densitometry 
using  ImageQuant  (GE  Healthcare),  and  densitometric  values  were 
corrected  for  loading  control. 

Cell  Cycle  Analyses.  MCF-7  and  MCF-7:5C  cells  were  treated 
with  E2  or  BZA  for  24  and  48  h  and  then  fixed  using  ice-cold  70% 
ethanol.  Cell  cycle  distribution  was  determined  by  propidium  iodide 
staining  using  a  fluorescence-activated  cell  sorter  (BD  Biosciences, 
San  Jose,  CA)  as  described  previously  (Ariazi  et  al.,  2010).  Data  were 
analyzed  using  Flow  Jo  7.2.5  for  Windows  (Tree  Star,  Ashland,  OR). 

Knockdown  of  ERa  and  Cyclin  Dl  by  siRNA.  MCF-7 :5C  cells 
were  seeded  at  10®  cells/well  in  a  24-well  plate  overnight  and  then 
transfected  with  100  nM  nonspecific,  ERn,  or  cyclin  Dl  siRNA  (Dhar- 
macon  RNA  Technologies,  Lafayette,  CO)  using  Lipofectamine  2000 
(Invitrogen),  as  described  previously  (Lewis  et  al.,  2005a).  Trans¬ 
fected  cells  were  either  harvested  for  Western  blot  analysis  or  re¬ 
seeded  for  cell  growth  or  cell  cycle  analysis. 

Quantitative  Real-Time  PCR.  The  detail  procedures  have  been 
reported  previously  (Lewis  et  al.,  2005).  MCF-7  and  MCF-7:5C  cells 
were  treated  with  either  E2  (10~^  M)  or  BZA  (10“^  M)  for  48  h,  and 
total  RNA  was  isolated  and  then  reverse-transcribed  to  cDNA  using 
the  Superscript  II  RNase  H  reverse  transcriptase  system  (Invitro¬ 
gen).  Aliquots  of  the  cDNA  were  combined  with  the  SYBR  green  kit 
(Superarray)  and  primers  and  assayed  in  triplicate  by  quantitative 
PCR  over  40  cycles  using  a  GeneAmp  5700  Sequence  detection  sys¬ 
tem  (Applied  Biosystems,  Foster  City,  CA)  as  described  previously 
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(Lewis  et  al.,  2005a).  Quantitation  was  done  using  the  comparative  CT 
method  with  18S  rRNA  as  the  normalization  gene,  as  described  previously 
(Lewis-Wambi  et  al.,  2008a).  PCR  primer  sequences  used  were  as  follow: 
ERn  forward,  5'-GK^AGK}GCAGGGGTGAA-3';  ERn  reverse,  5'-GGCCAG^ 
GCTGTTCTTC  TTAGA-3';  cyclin  D1  forward,  5'-TCCTGTGCTGCGA 
AGTGGAAAC-3';  cyclin  D1  reverse,  5'-AAATCGTGCGGGGTCATTGC-3; 
pS2  forward,  5'-GAGGCCCAGACAGAGACGTG-3';  and  pS2  reverse,  5'- 
CCCTGCAGAAGTGTCTAAAATTCA-3'. 

Transient  Transfections  and  Luciferase  Assays.  Cells  were 
cultured  in  estrogen-free  RPMI  1640  media  for  48  h  before  transfec¬ 
tion.  On  the  day  of  the  experiment,  cells  were  seeded  in  estrogen-free 
media  at  a  density  of  1.5  X  10®  cells  per  well  in  24-well  plates.  After 
24  h,  cells  were  transfected  with  the  firefly  luciferase  reporter  plas¬ 
mid  pERE(5x)TA-ffLuc  (containing  five  copies  of  a  consensus  ERE 
and  a  TATA-box  driving  firefly  luciferase)  and  the  pTA-srLuc  Renilla 
reniformis  luciferase  plasmid  (containing  a  TATA-box  element  driv¬ 
ing  R.  reniformis  luciferase)  (Promega,  Madison,  WI)  using  LTl 
(Mirus)  transfection  reagent,  according  to  the  manufacturer’s  proto¬ 
col.  After  24  h,  transfection  reagents  were  removed,  and  fresh  media 
were  added.  Cells  were  then  treated  with  ethanol  (vehicle),  10“^  M 
E2,  10“®  M  BZA,  or  E2  +  BZA  combined  for  24  h.  At  the  indicated 
time  point,  cells  were  washed,  lysed,  and  ERE  luciferase  activity  was 
determined  using  the  Dual-Luciferase  Reporter  Assay  System  (Pro¬ 
mega)  according  to  the  manufacturer’s  recommendations.  Samples 
were  then  read  on  a  Mithras  MB540  luminometer  (Berthold  Tech¬ 
nologies,  Oak  Ridge,  TN). 

For  the  cyclin  D1  promoter  assay,  MCF-7:5C  cells  were  transiently 
transfected  with  the  full-length  cyclin  D1  promoter  plasmid 
(-1745CD1-LUC)  as  described  previously  (Lewis  et  al.,  2005c,d).  The 
full-length  cyclin  D1  plasmid  (-1745CD1-LUC)  (Albanese  et  al.,  1995) 
was  a  gift  from  Dr.  Richard  Pestell  (Thomas  Jefferson  Kimmel  Cancer 
Center,  Philadelphia,  PA). 

Molecular  Modeling.  The  molecular  modeling  performed  in  this 
study  has  been  described  previously  (Maximov  et  al.,  2010).  In  brief, 
the  coordinates  for  the  agonist  and  antagonist  conformations  of 
human  ERu  ligand  binding  domain  cocrystallized  with  E2,  RAL,  and 
40HT  were  extracted  from  the  Research  Collaboratory  for  Structural 
Bioinformatics  Protein  Data  Bank  (PDB)  (Berman  et  al.,  2000). 
Entries  Igwr  for  E2  (Warnmark  et  al.,  2002),  lerr  for  RAL  (Brzozo- 
wski  et  al.,  1997),  and  3ert  for  40HT  (Shiau  et  al.,  1998)  were 
selected  for  further  modeling,  and  these  structures  were  prepared  for 
docking  using  the  Protein  Preparation  Workflow  (Friesner  et  al., 
2004;  Guallar  et  al.,  2004)  implemented  in  Schrodinger  suite  and 
accessible  from  within  the  Maestro  8.5  program  (Schrodinger,  Cam¬ 
bridge,  MA).  To  study  the  molecular  basis  of  interaction  of  bazedox- 
ifene  in  the  antagonist  conformation  of  ERn,  the  ligands  were  docked 
into  the  binding  site  of  the  receptor  cocrystallized  with  RAL  (PDB 
code  lerr).  For  comparison  reasons,  RAL  was  also  docked  in  its 
native  protein  structure. 

The  input  geometries  of  the  ligands  were  generated  with  CORINA 
(online  demo,  http://www.molecular-networks.com/online_demos/ 
corina_demo)  and  were  further  prepared  for  docking  using  the 
LigPrep2.2  utility  (Friesner  et  al.,  2004;  Guallar  et  al.,  2004).  The 
prepared  structure  of  ERn  cocrystallized  with  RAL  was  used  to 
generate  the  scoring  grid  for  docking  simulations.  A  grid  box  of  26  X 
26  X  26  A^  centered  on  the  ligand  was  created,  using  the  default 
parameters  and  without  constraints. 

Flexible  ligand  docking  simulations  were  carried  out  with  Glide 
5.0  (Friesner  et  al.,  2004;  Guallar  et  al.,  2004)  using  the  default 
settings,  and  the  best  10  poses  for  each  ligand  were  evaluated 
using  Glide  (Schrodinger)  in  Standard-Precision  (GlideSP)  and 
Extra-Precision  (GlideXP)  mode.  The  results  obtained  from  the 
docking  runs  were  compared,  and  GlideXP  docking  poses  were 
selected  for  analysis. 

Statistical  Analysis.  All  quantitative  experiments  were  per¬ 
formed  in  triplicate  and/or  repeated  three  times.  Data  were  ex¬ 
pressed  as  mean  ±  S.D.  Statistical  significances  between  vehicle 
treatment  versus  drug  treatment  were  determined  by  one-way  anal¬ 


ysis  of  variance  and  the  Student’s  t  test.  A  value  of  p  <  0.05  was 
considered  statistically  significant. 

Results 

BZA  Inhibits  the  Growth  of  Hormone-Independent 
MCF-7:5C  and  MCF-7:2A  Breast  Cancer  Cells.  We  first 
compared  the  grov^th  characteristics  of  hormone-dependent 
MCF-7  and  T47D  breast  cancer  cells  v^ith  those  of  long-term 
estrogen  deprived  MCF-7:5C  and  MCF-7:2A  cells  in  the  pres¬ 
ence  of  E2.  Cells  were  grown  in  estrogen-free  media  and  then 
treated  with  10“^^  M  to  10“®  M  E2  for  7  days,  and  cellular 
DNA  was  measure  as  an  index  of  growth.  In  parallel,  cells 
were  also  treated  with  10 M  E2  for  2  to  12  days  and  then 
harvested  and  counted  using  a  hemocytometer.  Figure  lA 
shows  that  E2  treatment  stimulated  the  growth  of  MCF-7 
and  T47D  cells  in  a  concentration-dependent  manner  with 
maximum  stimulation  at  10“^  M,  whereas  in  MCF-7:5C  and 
MCF-7 :2A  cells,  E2  treatment  had  the  opposite  effect  causing 
either  complete  growth  inhibition  in  MCF-7:5C  cells  or  par¬ 
tial  growth  inhibition  in  MCF-7:2A  cells.  This  finding  is 
consistent  with  our  previous  work  (Lewis  et  al.,  2005a; 
Lewis-Wambi  et  al.,  2008b),  which  showed  that  physiological 
concentrations  of  E2  induced  programmed  cell  death  (apopto¬ 
sis)  in  MCF-7:5C  and  MCF-7:2A  cells  through  activation  of 
the  mitochondrial  death  pathway  and  suppression  of  gluta¬ 
thione  synthesis,  respectively.  Specifically,  we  found  that  E2 
induced  apoptosis  in  MCF-7 :5C  cells  by  activating  proapopto- 
tic  proteins  Bax,  Bak,  Bim,  and  p53  and  by  suppressing 
antiapoptotic  proteins.  E2  also  down-regulated  survival  pro¬ 
teins  such  as  nuclear  factor- kB,  phospho-Akt,  and  Her2/neu, 
which  were  overexpressed  in  MCF-7:5C  cells.  In  contrast,  we 
found  that  MCF-7:2A  cells  underwent  apoptosis  after  10  to 
12  days  of  E2  treatment  and  that  these  cells  expressed  ele¬ 
vated  levels  of  the  antioxidant  glutathione  as  a  result  of 
overexpression  of  glutathione  synthetase  and  glutathione 
peroxidase  2,  the  two  main  enzymes  involved  in  glutathione 
synthesis.  By  selectively  blocking  the  glutathione  pathway  in 
MCF-7:2A  cells,  we  were  able  to  sensitize  these  cells  to  E2- 
induced  apoptosis,  which  was  mediated  by  activation  of  the 
c-Jun  NH2-terminal  kinase  signaling  pathway. 

Next,  we  determined  the  inhibitory  effects  of  BZA  and 
other  SERMs  (see  Supplemental  Fig.  1  for  chemical  struc¬ 
tures)  on  MCF-7,  T47D,  MCF-7:5C,  and  MCF-7:2A  cells.  For 
experiments,  MCF-7  and  T47D  cells  were  grown  in  fully 
estrogenized  media,  and  MCF-7:5C  and  MCF-7:2A  cells  were 
grown  in  estrogen-free  media  and  then  treated  with  10“^^  to 
10  ®  M  BZA,  RAL,  FUL,  40HT,  or  ENDOX  for  7  days,  and 
cellular  DNA  was  measured  as  an  index  of  growth.  Figure  IB 
shows  that  all  of  the  tested  SERMs  along  with  the  pure 
antiestrogen  FUL  inhibited  E2-stimulated  growth  in  MCF-7 
and  T47D  cells  and  hormone-independent  growth  in  MCF- 
7:2A  cells  in  a  concentration-dependent  manner;  however,  in 
MCF-7:5C  cells,  only  BZA  and  FUL  inhibited  the  growth  of 
these  cells  with  no  effects  observed  with  RAL,  40HT,  or 
ENDOX.  BZA  reduced  the  growth  of  MCF-7:5C  cells  in  a 
concentration-dependent  manner,  causing  an  80%  reduction 
at  10“®  M,  whereas  FUL  reduced  the  growth  by  55%  at  a 
similar  concentration. 

BZA  Down-Regulates  ERa  Protein  in  MCF-7:5C  and 
MCF-7:2A  Cells.  Because  BZA  dramatically  reduced  the 
growth  of  MCF-7:5C  cells,  we  next  determined  whether  BZA 
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Fig.  1.  Effects  of  E2  and  SERMs  on  the  growth  of  hormone-dependent  MCF-7  and  T47D  cells  versus  hormone-independent  MCF-7:5C  and  MCF-7:2A 
cells.  A,  MCF-7  and  T47D  cells  were  grown  in  phenol  red-free  RPMI  medium  supplemented  with  10%  charcoal-stripped  fetal  bovine  serum  for  3  days 
before  the  start  of  the  experiment.  On  the  day  of  the  experiment,  all  cell  lines  were  seeded  in  phenol  red-free  RPMI  medium  supplemented  with  10% 
charcoal-stripped  fetal  bovine  serum  at  30,000  per  well  in  24-well  dishes  and  after  24  h  were  treated  with  10“^^  to  10“®  M  E2  for  7  days,  with 
retreatment  every  other  day.  At  the  conclusion  of  the  experiment,  cells  were  harvested,  and  proliferation  was  assessed  as  cellular  DNA  mass  (in 
micrograms  per  well)  using  a  DNA  quantitation  kit.  B,  the  effects  of  antihormones  on  the  growth  of  hormone-dependent  MCF-7  and  T47D  cells  and 
hormone-independent  MCF-7:5C  and  MCF-7:2A  cells.  Cells  were  seeded  as  described  above,  except  MCF-7  and  T47D  cells  were  grown  in  fully 
estrogenized  media  and  then  treated  with  10“^^  to  10“®  M  FUL,  BZA,  RAL,  40HT,  or  ENDOX  for  7  days  with  retreatment  on  alternate  days. 
Proliferation  was  assessed  as  cellular  DNA  mass  (in  micrograms  per  well)  as  described  under  Materials  and  Methods.  Each  point  represents  the  mean 
of  three  determinations  ±  S.E.M. 


had  actions  similar  to  that  of  40HT  or  FUL  at  the  level  of 
ERn  stability/degradation.  We  treated  MCF-7:5C,  MCF-7: 
2A,  MCF-7,  and  T47D  cells  with  10“^  M  E2  or  10“'^  M  FUL, 
40HT,  RAL,  or  BZA  for  24  h  and  monitored  ERn  protein 
level.  As  shown  in  Fig.  2A,  ERo:  protein  was  highly  expressed 
in  MCF-7:5C  and  MCF-7:2A  cells  compared  with  MCF-7  and 
T47D  cells  and  treatment  with  BZA  markedly  down-regu¬ 
lated  ERu  protein  in  MCF-7:5C  and  MCF-7:2A  cells;  how¬ 
ever,  it  did  not  significantly  reduce  ERu  levels  in  MCF-7  and 
T47D  cells.  The  ability  of  BZA  to  down-regulate  ERu  in 
MCF-7:5C  and  MCF-7:2A  cells  was  greater  than  that  of  RAL 
and  almost  comparable  with  that  of  the  pure  antiestrogen 
FUL,  which  strongly  down-regulated  ERu  in  all  of  the  cell 
lines.  E2  treatment  also  markedly  down-regulated  ERu  pro¬ 
tein  in  all  of  the  cell  lines  including  MCF-7:5C  (Fig.  2A); 
however,  40HT  stabilized  ERu  against  degradation  in 
MCF-7  and  T47D  cells,  as  reported  previously  (Pink  and 
Jordan,  1996),  with  marginal  stabilization  observed  in  MCF- 
7:5C  and  MCF-7:2A  cells  (Fig.  2A).  We  also  examined  the 
effect  of  the  tamoxifen  metabolite  ENDOX  on  ERu  expression 
in  the  different  cell  lines  and  found  that  endoxifen  did  not 
down-regulate  ERu  in  any  of  the  tested  cell  lines  (Supple¬ 
mental  Fig.  2).  Our  finding  differs  from  that  of  Wu  et  al. 
(2009),  who  reported  that  endoxifen  degrades  ERu  in  breast 
cancer  cells. 

We  also  performed  dose-response  studies  in  MCF-7,  MCF- 
7:5C,  and  MCF-7:2A  cells  to  determine  the  optimal  concen¬ 
tration  at  which  BZA  down-regulated  ERu  protein.  Figure  2B 


showed  that  BZA  reduced  ERu  protein  level  in  MCF-7 :5C 
cells  in  a  concentration-dependent  manner  with  maximum 
inhibition  at  10“®  M,  whereas  in  MCF-7  and  MCF-7:2A  cells, 
BZA  only  marginally  reduced  ERu  protein  in  these  cells.  It  is 
noteworthy  that  the  inhibitory  effect  of  BZA  on  ERu  protein 
was  less  pronounced  than  that  observed  with  E2  or  FUL, 
which  almost  completely  reduced  ERu  protein  level  in  MCF- 
7:5C  cells.  Time  course  studies  revealed  that  BZA  down- 
regulated  ERu  protein  as  early  as  2  h  after  treatment  with 
maximum  suppression  at  24  h  (Fig.  2C,  top).  BZA  also  down- 
regulated  ERu  mRNA  in  MCF-7:5C  cells  to  a  level  similar  to 
that  observed  with  E2  and  FUL  (Fig.  2C,  bottom).  To  show 
that  the  decreased  ERu  protein  by  BZA  was  due  to  protein 
degradation,  we  used  MG132  to  inhibit  the  proteosome  in 
MCF-7:5C  and  MCF-7  cells.  We  found  that  inhibition  of  pro¬ 
teosome  activity  completely  blocked  ERu  degradation  by  BZA 
and  E2  with  partial  reversal  with  fulvestrant  (Fig.  2D).  We 
further  determined  whether  BZA  might  affect  ERu  protein 
expression  by  inhibiting  its  synthesis.  We  treated  MCF-7:5C 
cells  with  0.5  to  5  /xM  cycloheximide  for  4  h  to  address  this 
question.  The  impact  of  cycloheximide  on  ERu  protein  ex¬ 
pression  was  much  less  dramatic  than  that  of  BZA  (data  not 
shown),  which  suggest  that  BZA-induced  down-regulation  of 
ERu  protein  is  not  likely  to  involve  protein  synthesis  inhibi¬ 
tion.  Together,  these  data  show  that  BZA  differs  from  the 
other  SERMs  in  its  ability  to  regulate  cell  growth  and  ERu 
protein  expression  in  MCF-7:5C  cells. 
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Fig.  2.  Effects  of  SERMs  on  ERa  expression  and  stability  in  hormone-dependent  MCF-7  and  T47D  cells  and  hormone-independent  MCF-7:5C  and 
MCF-7:2A  cells.  A,  Western  blot  analysis  of  ERa  protein  levels  in  MCF-7,  T47D,  MCF-7:5C,  and  MCF-7:2A  cells  in  response  to  24-h  treatment  with 
10“^  M  E2  or  10“^  M  FUL,  40HT,  RAL,  or  BZA.  p-actin  was  used  as  a  loading  control.  B,  Western  blot  analysis  of  ERa  protein  levels  in  MCF-7, 
MCF-7:5C,  and  MCF-7:2A  cells  after  treatment  with  10“®  to  10“®  M  BZA  for  24  h.  For  comparison,  cells  were  also  treated  with  10“®  M  E2  or  10“^ 
M  FUL.  C,  Western  blot  analysis  of  ERa  protein  levels  in  MCF-7:5C  cells  in  response  to  10“^  M  BZA  treatment  over  a  24-h  time  period.  Quantitated 
protein  levels  were  normalized  to  p-actin.  Densitometric  quantitation  relative  to  the  control  is  shown  on  the  bottom  of  the  immunoreactive  bands.  Also 
shown  is  ERa  mRNA  levels  in  MCF-7:5C  cells  after  treatment  with  E2  (10“®  M),  FUL  (10“®  M),  or  BZA  (10“^  M)  for  24  h.  The  amount  of  ERa  mRNA 
was  determined  by  real-time  RT-PCR  and  normalized  to  the  internal  control  18S  rRNA.  Each  data  point  represents  the  average  of  four  biological 
replicates  from  three  independent  experiments.  D,  Western  blot  analysis  of  ERa  protein  levels  in  MCF-7  and  MCF-7:5C  cells  pretreated  with  the 
proteosome  inhibitor  MG132  (4  jaM)  for  4  h  and  then  treated  as  indicated  for  8  h.  p-Actin  levels  are  shown  as  protein  loading  controls.  Each  point 
represents  the  mean  of  three  determinations  ±  S.E.M. 


BZA  Inhibits  ERa  Transcriptional  Activity  in  MCF- 
7:5C  Cells.  To  determine  whether  BZA  blocks  ERa  function, 
we  next  examined  the  transcriptional  activation  of  an  ERE  in 
MCF-7,  T47D,  MCF-7:5C,  and  MCF-7:2A  cells.  Cells  were 
transiently  transfected  with  a  5X  ERE-luciferase  reporter 
plasmid  and  treated  with  10“^^  M  E2,  10“®  M  BZA,  or  E2  + 
BZA  for  24  h.  The  results  of  these  studies  showed  that  basal 
ERE  activity  was  elevated  5-fold  in  MCF-7 :5C  and  10-fold  in 
MCF-7:2A  cells  compared  with  MCF-7  cells  and  treatment 
with  BZA  significantly  reduced  the  basal  ERE  activity  in 
these  cells  (Fig.  3A).  E2  treatment  further  increased  ERE 
activity  in  MCF-7 :5C  and  MCF-7:2A  cells  by  1.5-  and  2.5-fold, 
respectively;  however,  in  MCF-7  and  T47D  cells,  the  re¬ 
sponse  was  markedly  more  robust  with  a  12-  and  20-fold 
increase,  respectively  (Fig.  3A). 

To  further  test  whether  BZA  is  able  to  block  ERa-regulated 
genes,  we  analyzed  the  expression  level  of  pS2  mRNA  in 
MCF-7 :5C  cells  using  quantitative  RT-PCR.  The  pS2  gene  is 
often  used  as  a  prognostic  marker  in  breast  cancer  cells  and 
is  frequently  used  in  studies  of  ER  action.  Furthermore,  it  is 
suggested  that  estrogen  regulates  the  expression  of  pS2 
through  an  imperfect  ERE  in  the  pS2  promoter  (Berry  et  al., 
1989).  Our  results  showed  that  basal  pS2  mRNA  level  was 
~3. 5-fold  higher  in  MCF-7:5C  cells  compared  with  wild-type 
MCF-7  cells,  and  E2  treatment  increased  pS2  mRNA  level  by 
~5. 5-fold  in  MCF-7  cells  and  MCF-7:5C  cells,  which  was 


completely  blocked  by  BZA  (Fig.  3B).  It  is  noteworthy  that  we 
also  found  that  siRNA  knockdown  of  ERa  (Fig.  3C)  signifi¬ 
cantly  reduced  the  basal  growth  of  MCF-7 :5C  cells  and  mark¬ 
edly  reduced  the  inhibitory  effect  of  BZA  in  these  cells  (Fig. 
3C,  bottom).  In  addition,  suppression  of  ERa  significantly 
reduced  cyclin  D1  protein  in  MCF-7:5C  cells.  Overall,  these 
data  indicate  that  in  the  absence  of  estrogen,  the  unliganded 
ERa  drives  the  proliferation  of  hormone-independent  breast 
cancer  cells;  however,  in  the  presence  of  BZA,  the  ability  to 
inhibit  cell  proliferation  is  dependent  on  receptor  degradation. 

BZA  Blocks  Cell  Cycle  Progression  in  MCF-7:5C 
Cells  and  Down-Regulates  Cyclin  Dl.  Because  BZA  sig¬ 
nificantly  reduced  the  growth  of  MCF-7:5C  cells,  we  next 
examined  its  effect  on  cell  cycle  progression.  For  experiment, 
MCF-7  and  MCF-7:5C  cells  were  treated  with  10“^  M  E2, 
10“®  M  BZA,  or  E2  plus  BZA  for  48  h  followed  by  propidium 
iodide  staining  and  flow  cytometric  analysis.  The  results 
showed  that  in  MCF-7:5C  cells,  E2  treatment  significantly 
reduced  the  percentage  of  cells  in  S  phase  from  33  to  17%  and 
marginally  increased  the  percentage  of  cells  in  phase  from 
60  (control)  to  66%,  whereas  BZA  treatment  increased  the 
proportion  of  cells  in  the  phase  from  60  to  81%,  and  it 
reduced  the  proportion  of  S  phase  cells  from  33  to  9%  at  48  h. 
In  MCF-7  cells,  treatment  with  E2  increased  the  proportion 
of  S  phase  cells  from  19  to  42%  at  48  h  with  no  effect  observed 
with  BZA  alone  (Fig.  4A).  It  is  noteworthy  that  the  inhibitory 
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Fig.  3.  BZA  inhibits  constitutive  ERa  transcriptional  activity  in  hormone-independent  and  hormone-dependent  breast  cancer  cells.  A,  ERE  luciferase 
activity  in  hormone-dependent  MCF-7  and  T47D  cells  and  hormone-independent  MCF-7:5C  and  MCF-7:2A  cells.  For  experiment,  cells  were 
transiently  transfected  with  a  5X  ERE-luciferase  reporter  construct  and  treated  with  10“®  M  E2, 10“^  M  BZA,  E2  -I-  BZA,  or  nothing  (control)  for  24  h. 
Luciferase  values  for  the  treatment  groups  are  reported  as  relative  luciferase  units.  <  0.001  compared  with  MCF-7  and  T47D  cells  (control); 
p  <  0.0001  compared  with  control  for  each  cell  line;  #,p  <  0.01  compared  with  untreated  MCF-7:5C  cells  (control);  t,P  <  0.05  compared  with  untreated 
MCF-7:2A  cells.  B,  real-time  RT-PCR  analysis  of  pS2  mRNA  gene  expression  in  MCF-7  and  MCF-7:5C  cells  after  treatments  with  E2  (10“®  M),  BZA 
(10“^  M),  or  E2  -I-  BZA  for  24  h.  Each  data  point  represents  the  average  of  three  biological  replicates.  *,  p  <  0.01  compared  with  untreated  MCF-7  cells 
(control);  <  0.001  compared  with  untreated  MCF-7  cells  (control);  t,  P  <  0.001  compared  with  untreated  MCF-7:5C  cells  (control).  C,  MCF-7:5C 
cells  were  transfected  with  100  nM  nonspecific  control  or  ERa  siRNA  for  48  h.  Transfected  cells  were  then  harvested  for  Western  blot  analysis  to  detect 
ERa  and  cyclin  D1  protein  (top)  or  treated  with  10“^  M  BZA  for  an  additional  4  days  followed  by  cell  counting  using  a  hemacytometer  (bottom).  Data 
shown  are  representative  of  three  independent  experiments.  *,  p  <  0.001  compared  with  untransfected  control  and  nonspecific  transfected  cells; 
p  <  0.01  compared  with  nonspecific  transfected  cells. 


effect  of  BZA  on  cell  cycle  in  MCF-7:5C  cells  was  somewhat 
comparable  with  the  pure  antiestrogen  fulvestrant;  however, 
none  of  the  other  tested  SERMs  had  any  effect  on  cell  cycle 
(data  not  shown). 

Because  BZA  induced  Gi-phase  cell  cycle  block  in  MCF- 
7:5C  cells,  we  further  investigated  the  G^-specific  protein 
cyclin  D1  in  these  cells.  MCF-7  and  MCF-7:5C  cells  were 
treated  with  BZA,  E2,  RAL,  40HT,  or  FUL  for  24  h,  and 
lysates  were  prepared  and  analyzed  by  immunoblotting.  Fig¬ 
ure  4B  shows  that  cyclin  D1  was  undetectable  in  untreated 
MCF-7  cells;  however,  treatment  with  E2  and,  to  a  lesser 
extent,  with  40HT  markedly  increased  cyclin  D1  protein  in 
these  cells.  In  contrast,  we  found  that  cyclin  D1  protein  was 
constitutively  overexpressed  in  MCF-7:5C  and  MCF-7:2A 
cells,  and  treatment  with  BZA  completely  reduced  cyclin  D1 
protein  in  MCF-7 :5C  cells  but  not  MCF-7:2A  cells  (Fig.  4B).  It 
is  noteworthy  that  none  of  the  other  SERMs  inhibited  cyclin 
D1  in  MCF-7:5C  cells;  however,  FUL  significantly  reduced 


cyclin  D1  protein  level  at  96  h,  and  it  markedly  reduced 
cyclin  A  protein  in  these  cells  (Supplemental  Fig.  3).  Time 
course  experiments  revealed  that  BZA  inhibited  basal  cyclin 
D1  protein  in  a  time-dependent  manner  with  measurable 
effects  observed  as  early  as  2  h  after  treatment  and  maxi¬ 
mum  reduction  at  24  h  (Fig.  4C,  top).  BZA  also  reduced  cyclin 
D1  mRNA  (Fig.  4C,  bottom)  and  cyclin  D1  promoter  activity 
(Fig.  4C,  top  right)  in  MCF-7 :5C  cells.  Finally,  we  found  that 
siRNA  knockdown  of  cyclin  D1  (Fig.  5 A)  significantly  reduced 
the  hormone-independent  growth  of  MCF-7:5C  cells  (Fig. 
5B),  and  it  significantly  reduced  the  ability  of  BZA  to  induce 
Gi  blockade  in  these  cells  (Fig.  5C),  thus  confirming  the 
importance  of  cyclin  D1  in  the  inhibitory  action  of  BZA  in 
these  cells. 

Molecular  Modeling  and  Docking  of  BZA  into  the 
Ligand  Binding  Site  of  ERn.  Molecular  modeling  and 
docking  studies  were  carried  out  in  an  attempt  to  predict  the 
bioactive  conformation  of  BZA  and  to  understand  the  molec- 
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Fig.  4.  Effects  of  BZA  on  cell  cycle  progression  and  cyclin  D1  regulation  in  MCF-7  and  MCF-7:5C  cells.  A,  cell  cycle  distribution  was  determined  by 
propidium  iodide  staining  of  DNA  content  and  flow  cytometry.  Cells  were  treated  with  10“®  M  E2,  10“^  M  BZA,  or  E2  plus  BZA  for  24  and  48  h.  Thirty 
thousand  cells  per  sample  and  three  replicates  per  group  were  collected.  Representative  histograms  are  shown.  B,  Western  blot  analysis  of  cyclin  D1 
expression  level  in  MCF-7  and  MCF-7:5C  cells  after  treatment  with  BZA  and  other  SERMs.  Before  the  experiment,  MCF-7  cells  were  switched  from 
fully  estrogenized  media  to  estrogen-free  media  for  3  days  and  then  treated  with  ethanol  vehicle  (control),  10“^  M  E2  alone,  or  10“^  M  E2  plus  FUL 
(10“^  M),  RAL  (10“^  M),  40HT  (10“^  M),  or  BZA  (10“^  M)  for  24  h.  MCF-7:5C  cells,  however,  did  not  require  a  media  switch  because  they  are 
hormone-independent  and  are  routinely  grown  in  estrogen-free  media.  MCF-7:5C  cells  were  treated  as  described  above  for  MCF-7  cells.  Quantitated 
protein  levels  normalized  to  p-actin  are  indicated.  C,  BZA  regulation  of  cyclin  D  expression  and  promoter  activity  in  MCF-7:5C  cells.  Cells  were  treated 
with  10“^  M  BZA  for  the  indicated  time  points.  Cyclin  D1  protein  and  mRNA  levels  were  determined  by  Western  blot  and  quantitative  RT-PCR, 
respectively,  with  p-actin  and  18S  rRNA  as  internal  controls.  For  cyclin  D1  promoter  activity  experiment,  MCF-7  and  MCF-7:5C  cells  were 
cotransfected  with  a  full-length  cyclin  D1  promoter  plasmid  (— 1745CDLUC)  and  Renilla  reniformis  luciferase  control  plasmid  overnight  and  then 
treated  with  10“^  M  E2,  10“®  M  BZA,  or  E2  -i-  BZA  for  24  h.  Luciferase  activity  was  measured  as  described  under  Materials  and  Methods.  Each  point 
represents  the  mean  of  three  determinations  ±  S.E.M. 


ular  basis  of  interaction  of  this  ligand  with  ERn.  Using  the 
available  X-ray  crystallographic  data,  the  flexible  docking  of 
BZA  into  the  ligand  binding  domain  of  ERn  cocrystallized 
with  RAL  was  performed,  and  for  comparison  reasons,  FUL 
and  RAL  were  also  docked  in  their  native  protein  structure. 
The  superimposition  of  the  docked  solution  and  experimental 
structure  of  RAL  shows  that  the  docking  model  recapitulates 
the  orientation  of  the  native  ligand  in  the  active  site,  and  the 
same  interactions  with  the  key  amino  acids  of  the  binding 
cavity  are  formed  with  a  ligand  root  mean  square  deviation  of 
0.362  compared  with  the  crystal  structure  (Fig.  6A).  The 
experimental  structure  of  ERu  cocrystallized  with  E2  (PDB 
code  Igwr),  the  agonist  conformation  of  the  receptor,  is  dis¬ 
played  in  Fig.  6B,  whereas  the  experimental  antagonist  confor¬ 
mation  of  ERu  bound  to  40HT  and  RAL  are  superimposed  and 
presented  in  Fig.  6C.  The  docking  results  analysis  reveals  that 
BZA  binds  to  ERu  in  an  antagonist  orientation  similar  with 
RAL  (Fig.  6D)  and  has  the  tendency  to  form  the  same  hydro- 
phobic  contacts  with  the  amino  acids  lining  the  binding  cavity. 
In  addition,  the  same  complex  H-bond  network  is  formed  with 
Asp351,  Glu353,  Arg394,  His524,  and  a  highly  ordered  water 
molecule,  located  in  the  vicinity  of  residues  Glu353  and  Arg394 


(Fig.  6D).  However,  we  should  note  that  a  number  of  residues 
adopt  different  conformations  in  the  Induced  Fit  Docking  (IFD) 
poses  compared  with  the  experimental  structure  of  ERu,  PDB 
code  lerr  (Supplemental  Fig.  4).  The  most  significant  difference 
has  been  observed  for  Leu539  of  helix  12.  The  larger  ring  of  BZA 
causes  the  side  chain  of  Leu539  to  be  pushed  away  from  its 
original  position  by  approximately  1  A.  In  all  top-ranked  IFD 
structures  (four  poses  having  the  composite  score  of  0.5  kcal/ 
mol),  Leu529  side  chain  is  moved  up  from  its  original  orienta¬ 
tion  toward  the  ring  of  BZA  to  optimize  the  hydrophobic  con¬ 
tacts  between  the  ligand  and  residue  side  chain  (Supplemental 
Fig.  4).  We  also  compared  the  docked  structure  of  BZA  with  the 
binding  mode  of  40HT  to  ERu  (Fig.  6C)  and  superimposed  it  in 
the  binding  site  of  40HT-ERq:  complex  (Fig.  6E).  The  40HT 
bound  receptor  shows  that  the  H-bond  between  BZA  and  H524 
is  missing  (Fig.  6E)  because  of  the  different  orientation  of  this 
amino  acid  in  the  binding  site  compared  with  the  RAL-ERo: 
complex  (Fig.  6C).  When  FUL  was  docked  to  RAL-ERo:  complex 
(Fig.  7A),  the  H-bond  network  was  recapitulated  with  one  ex¬ 
ception:  the  interaction  with  Asp351  is  missing,  whereas  the 
flexible  side  chain  of  FUL  fills  the  groove  between  helix  3  and 
helix  12  (Fig.  7B). 
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Fig.  5.  Effect  of  cyclin  D1  knockdown  on 
proliferation  and  cell  cycle  in  MCF-7:5C 
cells.  A,  Western  blot  analysis  of  cyclin  D1 
protein  expression  in  MCF-7:5C  cells 
transfected  with  100  nM  cyclin  D1  siRNA 
or  the  nonspecific  (NS)-control  siRNA,  as 
determined  72  h  after  transfection.  B,  cell 
growth  of  transfected  cells  treated  with 
100  nM  BZA  or  vehicle  (control).  Trans¬ 
fected  cells  (30,000/well)  were  seeded  in 
24-well  dishes  overnight  and  then  treated 
with  BZA  for  5  days.  After  treatment, 
cells  were  collected  and  counted  using  a 
hemacytometer.  Data  is  presented  as  per¬ 
centage  and  is  based  on  the  mean  from 
three  independent  experiments  with  du¬ 
plicate  (*,  p  <  0.01  versus  nontarget 
transfected  cells).  C,  cell  cycle  analysis  of 
cyclin  D1  siRNA-transfected  and  control 
siRNA  transfected  MCF-7:5C  cells  after 
treatment  with  BZA  for  48  h.  Data  are 
based  on  the  mean  from  three  indepen¬ 
dent  experiments  with  duplicate.  *,  p  < 

0.01;  **,  p  <  0.001. 


Overall,  these  findings  indicate  that  the  alignment  of  BZA 
in  the  binding  pocket  of  ERn  predicted  by  the  IFD  is  similar 
with  that  predicted  via  the  rigid  docking  method  (Glide)  and 
with  the  alignment  of  RAL  in  the  experimental  structure, 
PDB  code  lerr.  However,  there  are  a  few  differences  in  the 
orientation  of  some  residues  in  the  binding  site  when  the 
docking  of  BZA  is  performed  with  IFD  protocol,  and  these 
differences  might  help  to  explain  the  different  biological  ef¬ 
fects  of  BZA  versus  RAL  in  our  cell  model. 

Discussion 

In  the  present  study,  we  report  for  the  first  time  that  BZA 
inhibits  the  growth  of  breast  cancer  cells  that  have  acquired 
resistance  to  long-term  estrogen  deprivation  (i.e.,  hormone- 
independent/aromatase  inhibitor  resistant).  Specifically,  we 
found  that  BZA  at  10“®  M  inhibited  the  growth  of  hormone- 
independent  MCF-7:5C  and  MCF-7:2A  breast  cancer  cells  by 
80  and  55%,  respectively.  The  inhibitory  effect  of  BZA  in 
MCF-7:5C  cells  was  associated  with  arrest  and  cyclin  D1 
and  ERu  down-regulation,  whereas  in  MCF-7:2A  cells,  BZA 
suppressed  cyclin  A  with  marginal  effects  on  cyclin  Dl.  The 
pure  antiestrogen  FUL  also  inhibited  the  growth  of  MCF- 
7:5C  cells  by  inducing  G^  arrest;  however,  it  did  not  down- 
regulate  cyclin  Dl  until  96  h,  which  was  48  h  after  its  effect 
on  cell  cycle.  Strikingly,  RAL,  40HT,  and  ENDOX  failed  to 
inhibit  cyclin  Dl  expression  in  MCF-7:5C  cells,  and  these 
compounds  did  not  have  any  growth-inhibitory  effect  in 
MCF-7:5C  cells.  Although  it  is  not  entirely  clear  why  BZA 
was  more  potent  than  fulvestrant  at  inhibiting  the  growth  of 
MCF-7:5C  cells,  one  possibility  might  be  due  to  the  fact  that 
BZA  down-regulated  both  ERu  and  cyclin  Dl,  whereas  FUL 
down-regulated  ERu  and  had  marginal  effects  on  cyclin  Dl, 


which  was  observed  at  96  h.  Molecular  modeling  studies 
indicated  that  BZA  bound  the  ligand  binding  domain  of  ERu 
in  an  antagonist  orientation  similar  to  RAL  (Fig.  6D)  but 
distinct  from  40HT  (Fig.  6E)  and  fulvestrant  (Fig.  7).  How¬ 
ever,  a  few  differences  were  noticed  in  the  orientation  of  some 
residues  in  the  binding  site  when  the  docking  of  BZA  was 
performed  with  the  IFD  protocol.  The  most  significant  differ¬ 
ence  was  observed  for  the  Leu539  of  helix  12.  The  larger  ring 
of  BZA  caused  the  side  chain  of  Leu539  to  be  pushed  away 
from  its  original  position  by  approximately  1  A.  This  altera¬ 
tion  in  the  orientation  of  Leu539  side  chain  could  trigger  a 
conformational  change  of  helix  12,  which  in  turn  could  lead  to 
the  recruitment  of  other  proteins  by  the  BZA-ERu  compared 
with  the  RAL-ERu  complex.  Indeed,  these  findings  help  to 
further  distinguish  BZA  from  the  other  SERMs  such  as  TAM 
and  RAL,  and  they  support  the  concept  that  subtle  but  mod¬ 
erate  structural  differentiation  can  dramatically  affect  the 
ability  of  a  ligand  to  regulate  cell  proliferation. 

Previous  research  has  indicated  that  deregulation  of  ERu 
expression  is  a  driving  force  in  the  initiation  and  progression 
of  estrogen-sensitive  breast  tumors  (Garcia-Closas  and  Cha- 
nock,  2008;  Garcia-Closas  et  al.,  2008).  It  has  been  suggested 
that  alterations  in  pathways  leading  to  ERu  synthesis  and/or 
degradation  underlie  the  deregulation  of  ERu  and  its  conse¬ 
quent  manifestations,  including  enhanced  proliferation  in 
breast  tumors  (Sommer  and  Fuqua,  2001).  ERu  is  the  pre¬ 
dominant  receptor  isoform  expressed  in  breast  cancer  cells, 
and  increased  numbers  of  ERu-expressing  cells  can  be  ob¬ 
served  at  the  earliest  stages  of  breast  tumorigenesis.  We 
have  shown  previously  that  ERu  mRNA  and  protein  levels 
are  significantly  elevated  in  breast  cancer  cells  that  have 
been  adapted  to  grow  in  an  estrogen-depleted  environment 
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A  RAL  docked  to  its  native  structure  B  ERa  co-crystallized  with  E2  C  Superimposed  structures  of  40HT  and  RAL 


D  BZA  superimposed  to  RAL-ERa  complex  E  BZA  superimposed  to  40HT-ERa  complex 


Fig.  6.  Molecular  modeling  of  ERa  binding  site  with  various  ligands.  A,  comparison  between  the  experimental  (yellow  sticks)  and  top  ranked  docking 
pose  (cyan  sticks)  of  RAL  to  ERa  binding  site.  The  docking  pose  recapitulates  very  well  the  alignment  of  the  cocrystallized  ligand  in  the  receptor 
binding  site  having  a  ligand  root  mean  square  deviation  of  0.36  A.  B,  agonist  conformation  of  ERa  cocrystallized  with  E2;  helix  12  is  depicted  in  orange 
and  lays  over  the  binding  site  sealing  the  ligand  inside  it.  The  antagonist  conformations  of  the  receptor  are  shown  in  C,  D,  and  E.  X-ray  structures 
of  ERa  cocrystallized  with  40HT  (C),  raloxifene  (D),  and  bazedoxifene  (E)  docked  into  the  ERa-raloxifene  crystal  structure.  Helix  12  is  depicted  in 
magenta  for  40HT  bound  conformation  and  yellow  for  raloxifene  and  bazedoxifene.  In  addition,  the  key  amino  acids  lining  the  binding  site  are 
displayed  and  the  network  of  hydrogen  bonds  in  which  they  are  involved  with  the  ligands  is  shown  in  black  dashed  lines.  Carbon  atoms  are  colored 
in  yellow  for  E2,  orange  for  40HT,  cyan  for  raloxifene,  and  pink  for  bazedoxifene.  These  images  show  the  differences  between  the  agonist  (B)  and 
antagonist  conformation  (C,  D,  and  E)  of  ERa  and  present  the  alignment  of  bazedoxifene  in  the  binding  site  of  ERa,  which  is  similar  to  raloxifene’s 
orientation,  and  the  same  interactions  with  the  key  amino  acids  of  the  binding  cavity  are  encountered. 


A  FUL  docked  to  ERa  (1  err) 


B 


Surface  representation  of  the  binding  pocket 
of  ERa  (1  err)  with  FUL  docking  pose 


Fig.  7.  Simplified  representations  of  the 
ERa  binding  site  with  fulvestrant.  A,  rep¬ 
resentation  of  the  ERa  binding  site  with 
the  best  docking  pose  for  fulvestrant 
(FUL,  purple  sticks).  B,  surface  represen¬ 
tation  of  ERa  binding  site  accommodating 
FUL.  Hydrophobic  areas  are  mapped  in 
purple,  whereas  the  hydrophilic  parts  are 
colored  in  light  yellow-green.  The  binding 
site  accommodates  very  well  the  ligand, 
which  forms  the  H-bond  contacts  with  the 
same  amino  acids  like  E2  or  RAL, 
whereas  the  aliphatic  side  chain  pro¬ 
trudes  from  the  binding  site  and  lies 
in  the  groove  between  helix  3  (orange  car¬ 
toon)  and  helix  12  (purple  cartoon).  Only 
the  key  amino  acids  underlying  the  bind¬ 
ing  site  are  shown. 


(Murphy  et  al.,  1990;  Pink  et  al.,  1996;  Lewis  et  al.,  2005a). 
This  particular  type  of  regulation  in  which  ERa  levels  are 
increased  after  estrogen  deprivation  has  been  described  as  a 
model  I  response  (Pink  and  Jordan,  1996).  A  model  I  re¬ 


sponse  is  characterized  by  an  ERa  that  is  expressed  at  high 
levels  in  the  absence  of  estrogen  and  is  subsequently  down- 
regulated  after  estrogen  binding,  primarily  through  repres¬ 
sion  of  the  steady-state  level  of  the  mRNA.  In  the  present 
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study,  we  found  that  basal  ERu  protein  levels  were  up-reg- 
ulated  greater  than  3 -fold  in  hormone-independent  MCF- 
7:5C  and  MCF-7:2A  breast  cancer  cells  compared  with 
MCF-7  and  T47D  cells,  and  treatment  with  BZA  (10“®  M) 
induced  proteasome-mediated  degradation  of  ERu  in  these 
cells,  which  was  reversed  by  the  proteasome  inhibitor 
MG132.  The  ability  of  BZA  to  degrade  ERu  in  MCF-7:5C  cells 
was  rapid  and  robust,  occurring  as  early  as  4  h  after  treat¬ 
ment  with  maximum  degradation  at  24  h.  It  is  noteworthy 
that  BZA  and  fulvestrant  were  the  only  compounds  that 
markedly  reduced  the  growth  of  both  MCF-7 :5C  and  MCF- 
7 :2A  breast  cancer  cells,  and  blocking  BZA-induced  ERu  deg¬ 
radation  with  MG132  dramatically  reduced  its  growth  inhib¬ 
itory  effects  on  these  cells  (data  not  shown).  The  importance 
of  ERu  in  mediating  the  antagonist  effects  of  BZA  in  hor¬ 
mone-independent  MCF-7:5C  cells  was  further  confirmed  by 
siRNA  knockdown  experiments,  which  showed  a  60%  reduc¬ 
tion  in  the  ability  of  BZA  to  inhibit  the  growth  of  these  cells. 
Suppression  of  ERu  also  significantly  reduced  the  basal 
growth  of  MCF-7:5C  cells  and  E2-induced  growth  in  wild- 
type  MCF-7  cells,  which  is  consistent  with  recent  findings  by 
Ariazi  et  al.  (2010).  It  should  be  noted,  however,  that  degra¬ 
dation  or  suppression  of  ERu  is  not  the  only  mechanism  by 
which  an  antagonist  can  inhibit  cell  proliferation.  For  exam¬ 
ple,  TAM  has  been  shown  to  stabilize  ERu  protein  against 
degradation  in  breast  cancer  cells  (Murphy  et  al.,  1990;  Pink 
et  al.,  1995,  1996;  Pink  and  Jordan,  1996);  however,  it  is  a 
potent  antagonist  in  the  breast  with  the  ability  to  block 
E2-stimuIated  proliferation  and  E2-induced  ERE  activity  in 
these  cells. 

Apart  from  ERu,  BZA  also  significantly  reduced  cyclin  D1 
expression  in  hormone-independent  MCF-7:5C  breast  cancer 
cells.  Cyclin  D1  is  a  breast  cancer  oncogene  whose  overex¬ 
pression  has  been  linked  to  poor  prognosis  in  ERu  and  pro¬ 
gesterone  receptor-positive  breast  cancers  (Lammie  and  Pe¬ 
ters,  1991).  It  is  a  multifunctional  G^-phase  cyclin  whose 
regulatory  effects  are  particularly  important  in  breast  devel¬ 
opment  and  cancer  (Sutherland  and  Musgrove,  2004).  Cyclin 
D1  is  highly  induced  by  estrogen  (Said  et  al.,  1997),  and  it 
contributes  to  poor  treatment  response  of  ER-positive  tumors 
by  acting  downstream  to  promote  hormone  agonist-  and  an¬ 
tagonist-independent  proliferation  (Wilcken  et  al.,  1997).  We 
found  that  cyclin  D1  protein  was  constitutively  elevated  by 
3-to  5-fold  in  hormone-independent  MCF-7:5C  and  MCF- 
7:2A  cells  compared  with  wild-type  MCF-7  and  T47D  cells, 
and  treatment  with  BZA  reduced  it  to  an  undetectable  level 
in  MCF-7:5C  cells  but  not  MCF-7:2A  cells.  In  addition,  we 
found  that  suppression  of  cyclin  D1  in  MCF-7:5C  cells  re¬ 
duced  the  hormone-independent  growth  of  these  cells,  and  it 
significantly  reduced  the  ability  of  BZA  to  inhibit  cell  growth 
and  induce  cell  cycle  arrest  in  these  cells.  Suppression  of 
cyclin  D1  also  significantly  reduced  ERu  protein  levels  in 
MCF-7 :5C  cells  with  similar  effects  observed  after  ERu  sup¬ 
pression,  thus  suggesting  a  link  between  cyclin  D1  and  ERu 
in  these  cells.  Indeed,  a  connection  between  ER  and  cyclin  D1 
was  demonstrated  previously  when  cyclin  D1  was  shown  to 
interact  directly  with  the  ligand-binding  domain  of  ER  and 
stimulate  ER  trans activation  in  a  ligand-independent  fash¬ 
ion  (Zwijsen  et  al.,  1997).  More  recently,  cyclin  D1  was  shown 
to  interact  with  coactivators  of  the  SRC-1  family  through  a 
motif  that  resembles  the  leucine-rich  coactivator  binding  mo¬ 
tif  of  nuclear  receptors.  By  acting  as  a  bridging  factor  be¬ 


tween  ER  and  SRCs,  it  is  believed  that  cyclin  D1  can  recruit 
SRC  family  coactivators  to  ER  in  the  absence  of  ligand.  It  is 
worth  noting  that  hormone-independent  MCF-7:5C  cells  ex¬ 
press  elevated  levels  of  SRC-1  protein  compared  with  hor¬ 
mone-dependent  MCF-7  cells,  and  BZA  treatment  signifi¬ 
cantly  reduces  basal  SRC-1  levels  in  these  cells  (data  not 
shown). 

Although  cyclin  D1  gene  transcription  is  directly  induced 
by  estrogen,  there  is  no  estrogen  response  element  in  it. 
Instead,  the  cyclin  D1  promoter  contains  multiple  regulatory 
elements,  including  binding  sites  for  activator  protein- 1,  sig¬ 
nal  transducer  and  activator  of  transcription  5,  nuclear  fac- 
tor-KB,  cAMP  response  element,  SPl,  and  E2F.  A  fragment 
between  -994  and  -136  of  the  cyclin  D1  promoter  was 
shown  previously  to  be  estrogen-responsive,  and  this  region 
has  binding  sites  for  AP-1  and  SP-1  (Altucci  et  al.,  1996).  We 
have  reported  that  estrogen-induced  cyclin  D1  transactiva¬ 
tion  in  MCF-7  breast  cancer  cells  was  mediated  by  the  CRE 
region,  which  is  known  to  bind  activating  transcription  factor 
2  (Lewis  et  al.,  2005c,d).  A  notable  finding  of  our  study  was 
that  basal  cyclin  D1  promoter  activity  was  significantly  ele¬ 
vated  in  hormone-independent  MCF-7:5C  cells  compared 
with  hormone-dependent  MCF-7  cells  and  treatment  with 
BZA  completely  reduced  the  promoter  activity  in  these  cells 
to  the  level  seen  in  the  untreated  MCF-7  cells.  In  contrast,  E2 
did  not  induce  cyclin  D1  expression  or  promoter  activity  in 
hormone-independent  MCF-7:5C  cells,  whereas  in  hormone- 
dependent  MCF-7  cells,  it  increased  cyclin  D1  protein  level 
by  3-foId  and  its  promoter  activity  by  4-foId,  which  is  consis¬ 
tent  with  its  function  as  a  proapoptotic  agent  in  MCF-7:5C 
cells  versus  an  agonist  in  MCF-7  cells. 

In  conclusion,  it  is  clear  from  clinical  data  that  BZA  in 
combination  with  conjugated  estrogens  represents  a  new 
form  of  therapeutic  agents  for  the  treatment  of  postmeno¬ 
pausal  symptoms  and  prevention  of  postmenopausal  osteo¬ 
porosis.  The  fact  that  it  does  not  stimulate  the  breast  or 
endometrium  and  is  very  effective  at  inhibiting  the  prolifer¬ 
ation  of  endocrine-resistant  breast  cancer  cells  highlights  its 
widespread  therapeutic  potential  and  demonstrates  that  not 
all  SERMs  are  alike.  Our  data  also  suggest  that  the  overex¬ 
pression  of  ERu  and  cyclin  D1  in  MCF-7:5C  cells  might  be 
driving  the  hormone-independent  growth  of  these  cells  and 
that  the  ability  of  BZA  to  down-regulate  ERu  and  cyclin  D1  is 
critical  to  treat  and  possibly  reverse  antihormone  resistance 
in  breast  cancer. 
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Profile  of  V.  Craig  Jordan 


n  the  mid-1970s,  breast  cancer  survival 
rates  were  dismal.  Researchers  hoped 
to  find  a  drug  capable  of  thwarting 
the  disease,  but  the  prospects  were 
few  and  far  between.  In  a  laboratory  on  the 
campus  of  the  Worcester  Foundation  for 
Experimental  Biology  in  Shrewsbury, 
Massachusetts,  a  group  of  experimental 
rats  were  dying  from  breast  cancer.  A  re¬ 
searcher  gave  them  a  triphenyl  ethylene — 
a  purported  antiestrogen — ^with  the  slim 
hope  that  it  would  slow  progression  of  the 
disease.  The  cancer  disappeared  (1). 
Within  a  few  years,  a  clinical  trial  of  the 
drug  was  launched  among  women  suffer¬ 
ing  from  breast  cancer.  The  women’s  tu¬ 
mors,  just  as  those  in  the  rats,  shrank.  By 
1978,  the  US  Food  and  Drug  Adminis¬ 
tration  had  approved  a  triphenyl  ethylene- 
based  drug  known  as  tamoxifen  for  the 
treatment  of  late-stage  breast  cancer  (2). 

Today,  tamoxifen  is  a  resounding  success. 
By  the  numbers,  breast  cancer  mortality 
rates  held  steady  from  1975  to  1990  but 
declined  by  almost  20%  from  1990  to  2000. 
Two-thirds  of  that  decline  is  attributable  to 
adding  tamoxifen  to  the  chemotherapy 
regimen  already  used  to  treat  breast  cancer. 
Among  breast  cancer  survivors  taking  ta¬ 
moxifen  for  5  years,  the  standard  dosage 
for  the  drug,  mortality  declined  by  nearly 
40%  (3,  4).  The  researcher  who  cured  the 
rats,  V.  Craig  Jordan,  is  now  known  as  the 
“Father  of  Tamoxifen.” 

Since  discovering  tamoxifen’s  potential 
to  prevent  breast  cancer  more  than  three 
decades  ago,  Jordan,  a  2009  inductee  to 
the  National  Academy  of  Sciences,  has 
devoted  his  career  to  understanding  the 
characteristics  of  the  drug — its  benefits, 
pitfalls,  and  other  applications.  Thanks  to 
that  work,  it  is  now  kuown  that  tamoxifen 
and  similar  drugs  act  as  both  estrogen 
inhibitors  and  estrogens,  depending  on 
where  they  travel  inside  the  body.  Col¬ 
lectively,  the  drugs  are  referred  to  as  se¬ 
lective  estrogen  receptor  modulators, 
or  SERMs.  SERMs  are  now  routinely 
prescribed  to  treat  not  just  breast  cancer 
but  other  estrogenic  disorders,  such  as 
osteoporosis.  Jordan  says  there  is  hope 
of  someday  using  this  same  class  of  drugs 
to  reduce  the  devastation  of  coronary 
heart  disease. 

In  his  Inaugural  Article,  Jordan  returns 
to  the  topic  of  breast  cancer  to  explain 
a  paradox  in  the  literature  that  has  plagued 
scientists  for  decades.  From  his  own  work, 
Jordan  knew  that  tamoxifen’s  anties¬ 
trogenic  properties  stopped  the  growth 
of  breast  cancer.  However,  in  the  1940s, 
another  researcher  by  the  name  of  Alex¬ 
ander  Haddow  showed  that  giving  post¬ 
menopausal  women  estrogen  also  caused 
the  disease  to  grind  to  a  halt  (5).  Now 
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Jordan  has  explained  how  estrogen  can 
both  promote  and  prevent  breast  cancer. 
“We  have  solved  a  70-year  mystery,”  he 
says  (6). 

Early  Childhood 

Jordan,  the  Alfred  G.  Knudson  Jr.  Chair 
in  Cancer  Research  at  the  Fox  Chase 
Cancer  Center  in  Philadelphia,  Pennsyl¬ 
vania,  was  born  in  New  Braunfels,  Texas, 
in  1947  but  moved  to  the  United  Kingdom 
as  an  infant  with  his  British  parents. 
Growing  up,  Jordan  developed  a  deep, 
almost  singular,  infatuation  with  chemistry — 
the  origins  of  which  he  cannot  recall. 

At  age  13,  his  mother  let  him  build  a 
chemistry  laboratory  in  his  bedroom,  a 
prescient  if  costly  decision. 

“There  were  always  fires  in  the  bedroom 
and  bombs  going  off  in  the  back  of  the 
garden,”  Jordan  says,  recounting  an  ex¬ 
periment  with  sodium  chlorate  that  went 
horribly  awry.  Rather  than  blow  up  the 
house,  Jordan  chucked  the  whole,  smol¬ 
dering  mess  out  the  window — creating 
a  crater-sized  gap  where  grass  once  grew. 
“My  parents  were  furious,”  Jordan  says. 
Telling  them  not  to  worry,  Jordan  re¬ 
seeded  the  lawn  and  added  some  copper 
sulfate  to  expedite  the  growing  process. 
“The  grass  did  grow  back,”  Jordan  says, 
“but  it  was  blue.” 

However,  where  Jordan  excelled  in 
chemistry,  he  foundered  in  other  “lesser” 
subjects.  “I  thought  plants  were  stupid,” 
he  says.  By  age  16,  when  he  needed  to 
pass  five  subject  examinations  to  continue 
his  education,  Jordan  only  passed  three, 
forcing  his  mother  to  beg  the  headmaster 


to  let  him  retake  the  tests  in  a  few 
months.  Luckily,  he  passed. 

By  then,  Jordan  had  become  a  tutor 
to  his  peers,  teaching  them  the  basics 
of  chemistry,  pharmacology,  and  biochem¬ 
istry.  Seeing  that  talent,  a  teacher  by  the 
name  of  Charles  Bescoby  convinced 
Jordan  and  his  parents  that  he  should  not 
go  to  work  as  a  technician  at  nearby  Im¬ 
perial  Chemical  Industries  (ICI)  Phar¬ 
maceuticals  as  he  had  long  planned,  but  to 
university.  Jordan  received  admission  to 
the  University  of  Leeds  and  graduated 
with  a  degree  in  pharmacology  in  1969.  He 
stayed  on  for  another  3  years  to  receive  his 
doctorate  in  the  same  subject,  by  then 
convinced  that  his  future  lay  in  developing 
a  drug  to  treat  cancer — a  monumental 
chemistry  challenge  that  appealed  to 
Jordan’s  intellect. 

ICI  46,474 

However,  Jordan’s  path  to  becoming  a 
cancer  drug  expert  was  roundabout.  At 
Leeds,  he  had  extensively  studied  tri¬ 
phenyl  ethylenes,  the  active  compound  in 
a  drug  that  ICI  had  once  believed  would 
become  the  world’s  first-ever  “morning- 
after  pill”  (7). 

Going  by  the  code  name  ICI  46,474,  the 
drug  had  been  shown  to  block  estrogen 
from  reaching  the  uterus  in  rats.  However, 
hopes  were  dashed  when  a  clinical  trial 
in  humans  found  that  more  women  got 
pregnant  when  taking  the  drug  than  not 
(8).  Jordan  was  studying  to  see  just  how 
that  drug  worked  in  the  body — a  complex, 
voluminous  project.  When  he  went  to 
defend  his  thesis  in  1972,  the  university 
had  no  experts  on  staff  capable  of  grasp¬ 
ing  Jordan’s  thesis.  So  they  called  in 
Arthur  Walpole,  a  researcher  at  ICI. 
Walpole  held  the  patent  on  ICI  46,474 
and  was  thus  well  placed  to  make  sense  of 
Jordan’s  opus. 

After  that  chance  encounter,  Walpole 
helped  Jordan  line  up  a  postdoctoral  fel¬ 
lowship  at  the  Worcester  Foundation  for 
Experimental  Biology.  He  was  to  work 
with  endocrinologist  Michael  Harper 
to  develop  new  contraception  methods.  By 
the  time  Jordan  arrived  in  Massachusetts, 
though.  Harper  had  accepted  another 
job,  and  the  Worcester  Foundation  told 
Jordan  to  set  up  his  own  laboratory  for  2 
years.  “I  was  on  my  own,”  Jordan  says, 
with  no  idea  of  what  to  research.  So  he 
called  Walpole,  and  the  two  men  dis¬ 
cussed  turning  ICI  46,474  into  a  drug  to 
treat  breast  cancer. 
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Despite  the  failure  of  ICI  46,474  as  a 
morning-after  pill,  Walpole  and  Jordan 
knew  that  the  drug  had  antiestrogenic 
properties.  Although  breast  cancer  has 
different  causes,  for  most  women  it  arises 
when  estrogen  binds  to  receptor  sites  in 
breast  cancer  cells,  allowing  them  to 
proliferate.  A  drug  capable  of  binding  to 
and  inactivating  those  receptors  might 
just  thwart  the  spread  of  the  disease, 
Walpole  theorized.  As  a  contraception 
researcher,  Walpole  had  no  opportunity 
to  research  that  idea.  So  he  handed  the 
project  over  to  Jordan. 

In  the  early  1970s,  Jordan  induced  rats 
to  develop  mammary  (breast)  cancer 
and  confirmed  that  the  tumors  needed 
estrogen  hormones  to  survive.  When  the 
rats  were  given  ICI  46,474  the  tumors 
shrank — a  situation  only  mirrored  in  rats 
whose  ovaries  had  been  removed  (1).  ICI 
46,474,  he  concluded,  held  promise  as 
a  drug  to  treat  and  prevent  breast  cancer 
in  women  with  estrogen  receptor  sites  in 
their  breast  cancer  cells. 

The  idea  that  a  drug  could  prevent 
breast  cancer,  however,  remained  contro¬ 
versial.  Jordan’s  paper  was  initially  re¬ 
jected  before  being  accepted  by  the  Eu¬ 
ropean  Journal  of  Cancer  Research  in 
1976.  By  then  Jordan  had  completed  his 
postdoctoral  work  in  Massachusetts  and 
become  a  full-time  lecturer  in  pharma¬ 
cology  at  his  alma  mater,  the  University 
of  Leeds. 

At  Leeds,  Jordan  began  studying  how 
long  tamoxifen  should  be  administered  in 
women  with  breast  cancer.  Using  a  rat 
tumor  model,  he  showed  that  treatments 
shorter  than  a  few  years  ultimately  failed 
and  the  rats  went  on  to  develop  tumors, 
whereas  administering  tamoxifen  for 
longer  periods  thwarted  the  progression  of 
the  disease  (9,  10).  Today,  the  standard 
tamoxifen  treatment  extends  over  5  years 
(11).  Jordan’s  research  eventually 
prompted  ICI  to  launch  clinical  trials  into 
the  use  of  tamoxifen  as  drug  to  treat 
breast  cancer.  “Tamoxifen  slowly  became 
hot,”  Jordan  says. 

Two  Faces  of  Tamoxifen 

With  tamoxifen  poised  for  widespread 
rollout,  however,  Jordan  began  to  worry 
that  long-term  estrogen  deprivation 
through  tamoxifen  might  trigger  unfore¬ 
seen  side  effects.  Estrogen,  he  explains, 
is  a  double-edged  sword  for  women. 
Although  implicated  in  breast  cancer,  the 
hormone  is  also  critical  for  the  devel¬ 
opment  of  the  cardiovascular  system  and 
bones.  Jordan  wondered  whether  long¬ 
term  estrogen  deprivation  would  lead  to 
osteoporosis  or  heart  disease.  In  1980,  he 
relocated  to  the  University  of  Wisconsin, 
Madison,  and  started  his  own  laboratory 
to  research  the  health  implications  of 
using  tamoxifen  long  term. 


After  finding  that  long-term  tamoxifen 
use  actually  seemed  to  lessen  the  inci¬ 
dence  of  osteoporosis  and  heart  disease  in 
rodents  (12),  Jordan  and  colleagues 
launched  a  2-year  study  of  140  postmeno¬ 
pausal  women  with  a  history  of  breast 
cancer.  Half  the  women  were  treated  with 
tamoxifen,  whereas  the  other  half  re¬ 
ceived  a  placebo.  As  with  the  rodents,  the 
researchers  found  that  tamoxifen  lowered 
cholesterol  in  women  receiving  the  drug 
after  3  months  and  that  such  positive  ef¬ 
fects  persisted  for  years  (13).  Similarly, 
bone  density  increased  in  women  receiv¬ 
ing  tamoxifen  but  decreased  in  women 
receiving  placebo  (14). 

Collectively,  Jordan’s  research  sug¬ 
gested  that  tamoxifen  and  another  related 
drug,  raloxifene,  were  not  antiestrogenic 
everywhere  in  the  body  as  previously  as¬ 
sumed,  but  were  selective  estrogens  and 
antiestrogens  (SERMs).  “It  turns  out  that 
different  tissues  interpret  the  drugs’  signal 
in  different  ways,”  Jordan  says.  “So,  par¬ 
adoxically,  tamoxifen  and  raloxifene 
built  bones.” 

Raloxifene  is  now  widely  prescribed  to 
postmenopausal  women  in  danger  of  de¬ 
veloping  osteoporosis  (15).  Estimates 
suggest  that  raloxifene  use  has  inadver¬ 
tently  protected  thousands  of  female  users 
from  developing  breast  cancer  (16).  The 
fact  that  women  taking  the  drug  report 
a  lower  incidence  of  breast  cancer  than 
the  general  population  is  just  a  “beneficial 
side  effect,”  Jordan  says  (17). 

Not  all  side  effects  of  SERMs  were  de¬ 
sirable,  however.  In  1988,  Jordan,  working 
with  then  graduate  student  Marco  Got- 
tardis,  showed  that  tamoxifen  promoted 
the  growth  of  endometrial  tumors  in 
women  (18).  However,  subsequent  re¬ 
search  made  clear  that  the  benefits  of  us¬ 
ing  tamoxifen  for  the  treatment  of  breast 
cancer  far  outweighed  the  risk  of  de¬ 
veloping  endometrial  cancer.  Today,  ta¬ 
moxifen  is  estimated  to  save  approximately 
30  times  more  women  than  it  harms  (19). 

Interestingly,  raloxifene  did  not  pro¬ 
mote  the  development  of  endometrial 
cancer,  suggesting  that  it  may  be  prefer¬ 
able  to  tamoxifen.  However,  Cancer 
Prevention  Results  published  a  2010  up¬ 
date  of  a  five-year  study  comparing  the 
long-term  health  outcomes  of  women  re¬ 
ceiving  tamoxifen  with  women  receiving 
raloxifene.  Although  participants  in  both 
groups  had  equal  outcomes  after  41 
months  of  treatment,  tamoxifen  emerged 
as  the  more  effective  weapon  against  the 
recurrence  of  breast  cancer  when  that 
time  frame  doubled.  Specifically,  ralox¬ 
ifene  was  shown  to  be  less  than  80%  as 
effective  as  tamoxifen  (20,  21). 

Estrogen  as  Cancer  Killer 

Despite  all  his  headway  into  revealing 
tamoxifen’s  secrets,  an  issue  that  nig¬ 


gled  at  Jordan  throughout  his  career  has 
been  that  of  resistance.  If  tamoxifen  re¬ 
quired  5  years  to  adequately  treat  breast 
cancer,  would  that  give  cancer  cells  too 
much  time  to  find  a  new  way  to  under¬ 
mine  the  drug? 

As  early  as  the  mid-1980s,  Gottardis 
developed  a  tamoxifen-resistant  human 
tumor  in  mice.  He  further  showed  that 
such  tumors  could  be  transplanted  into 
future  generations  of  mice  and  kept 
alive  with  tamoxifen  treatment  (22). 
Long-term  tamoxifen  use  in  humans, 
Jordan  says,  “seemed  like  a  recipe  for 
disaster.” 

Critical  to  Jordan’s  thinking,  however, 
was  the  belief  that  estrogen  blockers  are 
required  to  thwart  the  growth  of  breast 
cancer.  However,  the  theory  did  not  hold 
up.  Reports  dating  back  to  the  1940s 
showed  that  giving  breast  cancer  patients 
estrogen  also  seemed  to  stop  growth  of 
the  disease.  In  fact,  before  the  emergence 
of  tamoxifen,  estrogen  was  routinely  ad¬ 
ministered  to  postmenopausal  women — 
or  those  no  longer  producing  estrogen  on 
their  own — to  combat  the  disease.  Ap¬ 
proximately  30%  of  patients  responded 
favorably  to  the  treatment. 

More  strikingly,  when  Doug  Wolf, 
a  graduate  student  in  Jordan’s  laboratory 
in  the  1990s,  transplanted  tamoxifen-re¬ 
sistant  tumors  from  mouse  to  mouse  and 
treated  the  animals  with  estrogen,  he 
found  that  the  tumors  shrank  (23,  24). 
“Estrogen  didn’t  stimulate  the  growth  of 
these  tumors  anymore.  It  killed  them. 
They  just  melted  away,”  Jordan  recalls. 
“But  we  still  didn’t  know  the  underlying 
mechanism  of  how  that  happened.” 

So  Jordan  set  out  to  find  out  how  the 
same  hormone  responsible  for  activating 
breast  cancer  also  kills  it  off.  He  ultimately 
hopes  to  develop  a  new  treatment  approach 
for  breast  cancer  patients  who  have 
grown  resistant  to  tamoxifen.  In  his  Inau¬ 
gural  Article,  Jordan  evaluates  genetic 
changes  to  estrogen-starved  breast  cancer 
cells  during  the  first  week  of  estrogen  ther¬ 
apy.  The  changes  were  striking,  he  says.  The 
endoplasmic  reticulum,  or  internal  struc¬ 
ture  of  the  cell,  quickly  grew  inflamed,  trig¬ 
gering  the  cell’s  death.  Moreover,  Jordan 
found  that  cancer  cell  death  occurred  with 
relatively  low  doses  of  estrogen  (6). 

“In  bodies  that  have  been  starved  of 
estrogen,  the  hormone  comes  back  as 
a  jet  fuel,”  Jordan  says.  That  fuel  over¬ 
whelms  the  estrogen  receptor  in  breast 
cancer  cells,  causing  them  to  invoke 
the  “death  signal.”  Jordan’s  finding  sug¬ 
gests  that  it  might  make  sense  to  treat 
women  with  tamoxifen-resistant  tumors 
or  those  several  years  beyond  menopause 
with  low  doses  of  estrogen.  In  estrogen- 
starved  women,  “The  dramatic  cell  kill  I 
get  with  estrogen  is  better  than  anything  I 
saw  with  tamoxifen,”  Jordan  says. 
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Living  Legend 

Growing  up,  Jordan  says  he  did  not  have 
typical  kid  hobbies.  Besides  tinkering  in 
his  bedroom  laboratory,  he  says,  he  loved 
ancient  history.  “I  went  on  archaeo¬ 
logical  digs  when  I  was  a  teenager  in 
England,”  Jordan  recalls. 

His  fondness  for  historical  precedent, 
he  says,  is  critical  to  his  success  as  a 
pharmacologist.  For  the  better  part  of  a 
century,  he  says,  nobody  could  under¬ 
stand  why  estrogen  killed  breast  cancer  in 
a  certain  subset  of  women.  However, 
Jordan  remembered  Haddow’s  research 
from  the  1940s  and  his  graduate 
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student’s  serendipitous  finding  with  ta¬ 
moxifen-resistant  tumors  from  the  1990s. 
“I  believe  that  we’re  all  part  of  this  con¬ 
tinuum.  We’re  in  a  relay  race  and  we’ve 
got  to  know  where  we’ve  come  from  to 
show  us  where  we’re  going,”  he  says. 
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Jordan  says  only  half  in  jest,  are  key  to  his 
success.  “Early  on,  I  developed  key  con¬ 
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let  those  concepts  go.” 
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resistant  breast  cancer  through  stress  responses  as 
identified  by  global  gene  expression  across  time 
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In  laboratory  studies,  acquired  resistance  to  long-term  antihormonal 
therapy  in  breast  cancer  evolves  through  two  phases  over  5  y.  Phase 
I  develops  within  1  y,  and  tumor  growth  occurs  with  either  17p- 
estradiol  (E2)  or  tamoxifen.  Phase  II  resistance  develops  after  5  y 
of  therapy,  and  tamoxifen  still  stimulates  growth;  however,  E2  par¬ 
adoxically  induces  apoptosis.  This  finding  is  the  basis  for  the  clinical 
use  of  estrogen  to  treat  advanced  antihormone-resistant  breast  can¬ 
cer.  We  interrogated  E2-induced  apoptosis  by  analysis  of  gene 
expression  across  time  (2-96  h)  in  MCF-7  cell  variants  that  were 
estrogen-dependent  (WS8)  or  resistant  to  estrogen  deprivation 
and  refractory  (2A)  or  sensitive  (5C)  to  E2-induced  apoptosis.  We 
developed  a  method  termed  differential  area  under  the  curve  anal¬ 
ysis  that  identified  genes  uniquely  regulated  by  E2  in  5C  cells  com¬ 
pared  with  both  WS8  and  2A  cells  and  hence,  were  associated  with 
E2-induced  apoptosis.  Estrogen  signaling,  endoplasmic  reticulum 
stress  (ERS),  and  inflammatory  response  genes  were  overrepre¬ 
sented  among  the  5C-specific  genes.  The  identified  ERS  genes  in¬ 
dicated  that  E2  inhibited  protein  folding,  translation,  and  fatty  acid 
synthesis.  Meanwhile,  the  ERS-associated  apoptotic  genes  Bcl-2 
interacting  mediator  of  cell  death  (BIM;  BCL2L11)  and  caspase-4 
(CASP4),  among  others,  were  induced.  Evaluation  of  a  caspase  pep¬ 
tide  inhibitor  panel  showed  that  the  CASP4  inhibitor  z-LEVD-fmk 
was  the  most  active  at  blocking  E2-induced  apoptosis.  Furthermore, 
z-LEVD-fmk  completely  prevented  poly  (ADP-ribose)  polymerase 
(PARP)  cleavage,  E2-inhibited  growth,  and  apoptotic  morphology. 
The  up-regulated  proinflammatory  genes  included  IL,  IFN,  and 
arachidonic  acid-related  genes.  Functional  testing  showed  that 
arachidonic  acid  and  E2  interacted  to  superadditively  induce  apopto¬ 
sis.  Therefore,  these  data  indicate  that  E2  induced  apoptosis  through 
ERS  and  inflammatory  responses  in  advanced  antihormone-resistant 
breast  cancer. 

aromatase  inhibitor  |  antihormonal  resistance  |  estrogen  receptor  | 
gene  expression  microarrays  |  selective  estrogen  receptor  modulator 

Elucidation  of  the  basic  structure  function  relationships  of 
synthetic  estrogens  based  on  either  stilbene  (1)  or  triphenyl- 
ethylene  (2)  was  a  landmark  achievement  that  continues  to  have 
major  therapeutic  implications  to  this  day.  The  first  successful 
chemical  therapy  for  the  treatment  of  any  cancer  was  the  use  of 
high-dose  synthetic  estrogen  for  the  treatment  of  metastatic  breast 
cancer  (3).  Response  rates  for  patients  who  were  more  than 
a  decade  beyond  menopause  were  about  30%.  Importantly, 
treatment  near  menopause  was  ineffective,  and  therefore,  tumor 
responsiveness  was  related  to  the  duration  of  estrogen  depriva¬ 
tion.  In  1970,  Alexander  Haddow  commented  that  “the  extraor¬ 
dinary  extent  of  tumor  regression  observed  in  perhaps  1%  of 
postmenopausal  cases  [with  oestrogen]  has  always  been  regarded 
as  of  major  theoretical  importance,  and  it  is  a  matter  for  some 
disappointment  that  so  much  of  the  underlying  mechanisms  con¬ 


tinues  to  elude  us”  (4).  High-dose  estrogen  therapy  using  di- 
ethylstilbestrol  (DES)  remained  the  standard  of  care  for  the 
treatment  of  metastatic  breast  cancer  in  postmenopausal  women 
for  30  y  (1950s  to  late  1970s  in  the  United  States).  However,  tri- 
phenylethylene -based  estrogens  evolved  into  nonsteroidal  anti¬ 
estrogens  (5),  where  the  initial  interest  focused  on  their  potential 
as  postcoital  antifertility  agents.  This  application  failed,  and  the 
compounds  were  subsequently  reinvented  as  antiestrogens  tar¬ 
geted  to  estrogen  receptor  (ER)  for  the  treatment  of  all  stages  of 
breast  cancer  (6,  7).  Subsequently,  the  nonsteroidal  antiestrogens 
would  again  evolve  and  be  reinvented  as  selective  ER  modulators 
(SERMs)  (8).  This  new  drug  class  exploited  the  observations  that 
they  blocked  breast  cancer  development  and  growth  as  anti¬ 
estrogens  but  lowered  circulating  cholesterol  and  maintained  bone 
density  as  estrogens.  This  finding  led  to  the  idea  that  the  treatment 
and  prevention  of  osteoporosis  would  simultaneously  prevent 
breast  cancer  (5,9).  Raloxifene  is  the  first  SERM  of  the  class  used 
to  prevent  both  osteoporosis  and  breast  cancer  (10,  11). 

The  strategy  of  targeting  ER  and  using  long-term  adjuvant  ta¬ 
moxifen  therapy  for  breast  cancer  treatment  (7)  has  increased  15-y 
survival  rates  (12, 13)  and  contributed  significantly  to  the  national 
reduction  breast  cancer  mortality  (14).  From  1975  to  1990,  breast 
cancer  mortality  rates  held  roughly  steady,  but  from  1990  to  2000, 
they  declined  by  19.6%.  It  is  estimated  that  about  two-thirds  of  this 
reduction  is  because  of  therapy  and  one-third  is  because  of 
mammography  screening.  Specifically,  in  ER-positive  tumors,  5  y 
of  tamoxifen  therapy  was  estimated  to  have  reduced  the  hazard  of 
breast  cancer  mortality  by  37%  (14).  Tamoxifen  remains  the 
antihormone  treatment  of  choice  for  the  adjuvant  treatment  of 
breast  cancer  in  premenopausal  patients,  despite  the  development 
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of  the  aromatase  inhibitors  (AIs)  for  the  adjuvant  treatment  of 
postmenopausal  patients  with  ER-positive  breast  cancer.  The  AIs 
provide  a  modest,  but  significant,  improvement  in  disease-free 
survival  for  patients  and  a  significant  decrease  in  the  incidence  of 
both  endometrial  cancer  and  thromboembolism  associated  with 
tamoxifen  therapy  in  postmenopausal  women  (15).  Nevertheless, 
tamoxifen  remains  an  important  and  cheap  lifesaving  drug,  avail¬ 
able  in  countries  without  a  sophisticated  healthcare  infrastructure. 

Despite  the  ability  of  long-term  adjuvant  antihormone  therapy 
to  enhance  breast  cancer  patient  survivorship,  the  consequence  of 
any  sustained  therapy  to  control  tumor  growth  is  the  development 
of  resistance.  Studies  in  vivo  with  MCF-7  cells  inoculated  into 
athymic  mice  showed  that,  although  tamoxifen  initially  blocked 
tumor  growth,  eventually  tumors  would  grow,  despite  continued 
tamoxifen  treatment  (16).  Similar  studies  showed  that  tamoxifen, 
in  fact,  stimulated  growth  of  resistant  MCF-7  tumors  (17).  A  new 
form  of  acquired  drug  resistance  was  described  for  breast  cancer 
that  grew  in  response  to  ER  activation  through  either  tamoxifen  or 
the  natural  ligand  17p-estradiol  (E2).  This  finding  explained  the 
observed  resistance  to  tamoxifen  in  ER-positive  metastatic  breast 
cancer  patients  after  ^-1-2  y  of  therapy  but  was  inconsistent  with 
the  clinical  observation  that  patients  with  stages  I  and  II  breast 
cancer  could  be  routinely  treated  with  5  or  more  y  of  adjuvant 
tamoxifen  therapy  without  developing  tumor  recurrence.  A  pos¬ 
sible  explanation  would  emerge  from  studies  of  acquired  re¬ 
sistance  to  antihormone  therapy  that,  at  the  same  time,  would 
expose  a  vulnerability  of  breast  cancer  cells  and  explain  the 
mechanism  of  high-dose  estrogen  therapy  for  the  treatment  of 
breast  cancer. 

The  continuous  passage  of  MCF-7  tumors  for  more  than  5  y  in 
tamoxifen-treated  athymic  mice  results  in  a  reconfiguration  of 
survival  signaling  pathways.  Although  tumors  remain  tamoxifen 
stimulated  for  growth,  physiologic  E2  now  causes  rapid  tumor 
regression  rather  than  growth  (18,  19).  Indeed,  some  tumors  that 
regress  and  then  regrow  during  continuous  E2  treatment  are  ex¬ 
clusively  E2- dependent,  because  tamoxifen  or  E2  withdrawal  will 
impair  tumor  growth  (19).  The  evolution  of  acquired  resistance  to 
SERMs  (20)  naturally  raised  the  concern  of  the  development  of 
resistance  to  the  new  standard  of  care  for  adjuvant  treatment  of 
ER-positive  breast  cancer  in  postmenopausal  patients,  the  AIs. 

Parallel  studies  to  replicate  the  clinical  expression  of  acquired 
resistance  to  estrogen  deprivation  (i.e.,  resistance  to  an  AI)  (21, 
22)  were  initiated  in  vitro  20  y  ago  using  ER-positive  MCF-7  breast 
cancer  cells.  When  cells  were  grown  under  long-term  estrogen- 
deprived  conditions  (>1  y),  cells  lost  their  dependency  on  estrogen 
for  proliferation  but  maintained  expression  of  ER.  Subsequent 
studies  of  E2  action  on  the  growth  of  long-term  estrogen-deprived 
MCF-7  cells  in  vitro  at  high  (23)  and  low  concentrations  in  vitro 
and  in  vivo  (24,  25)  indicated  that  the  concept  of  “an  estrogen 
purge”  (19)  to  destroy  antihormone-resistant  cells  could  be  ap¬ 
plied  to  the  treatment  of  breast  cancer.  This  concept  has  now  been 
translated  to  clinical  trials. 

A  pivotal  study  of  high-dose  DES  therapy  (15  mg  daily)  in  32 
patients  with  metastatic  breast  cancer  who  had  been  treated  ex¬ 
haustively  with  antihormonal  therapies  produced  a  30%  objective 
response  rate  (26).  There  were  4  of  32  complete  responses,  and 
one  patient  maintained  a  complete  response  for  an  additional  7  y, 
even  after  stopping  estrogen  (27).  A  recent  study  in  patients  whose 
breast  cancer  had  responded  but  then  failed  AI  treatment  (28) 
showed  that  low-dose  E2  treatment  (6  mg  daily)  would  produce 
the  same  clinical  benefit  as  high-dose  E2  (30  mg  daily)  but  with 
fewer  toxic  side  effects.  Thus,  laboratory  observations  with  low 
doses  of  estrogen  treatment  translate  to  clinical  practice,  and 
a  mechanism  is  now  emerging  to  explain  the  original  observations 
by  Haddow  (3,  4).  The  goal  of  future  translational  research  is  to 
discover  molecular  mechanisms  to  amplify  the  estrogen-induced 
apoptotic  trigger. 


The  question  arises  as  to  the  precise  sequence  of  events  that 
lead  to  E2-induced  apoptosis.  By  describing  and  defining  these 
molecular  events,  refractory  cells  may  be  manipulated  to  respond 
to  estrogen-induced  apoptosis.  To  begin  to  address  the  question, 
we  have  developed  a  series  of  MCF-7  variants  that  are  either 
estrogen-dependent  for  growth  (MCF-7: WS8  cells)  (29-31)  or 
resistant  to  estrogen  deprivation  (ED)  and  refractory  (MCF-7:2A) 
(25,  30,  31)  or  sensitive  (MCF-7:5C)  (24,  29,  32)  to  E2-induced 
apoptosis.  We  previously  reported  changes  in  gene  expression 
among  these  cell  lines  by  Affymetrix-based  microarray  analysis 
under  estrogen-free  conditions  (33).  Thus,  these  identified  dif¬ 
ferentially  expressed  genes  were  associated  with  progression  to  an 
ED-resistant  phenotype.  We  have  also  recently  reported  a  pro- 
teomic  analysis  of  5C  compared  with  WS8  cells  after  2  h  of  E2 
exposure  to  identify  proteins  that  may  initiate  apoptosis  (34). 
Here,  we  seek  to  identify  genes  differentially  regulated  by  E2  over 
a  2-96  h  time  course,  which  overlaps  with  actively  occurring  ap¬ 
optosis.  Therefore,  we  interrogated  these  models  for  changes  in 
E2-regulated  global  gene  expression  as  a  function  of  time  using 
Agilent  4  x  44  K  oligonucleotide  microarrays.  We  developed 
a  method  termed  differential  area  under  the  curve  (dAUC) 
analysis  to  identify  genes  that  exhibited  significantly  altered  reg¬ 
ulation  by  E2  across  time  specifically  in  the  apoptosis-sensitive  5C 
cells  compared  with  both  the  estrogen-dependent  WS8  and  apo¬ 
ptosis-refractory  2 A  cells.  Examination  of  the  identified  5C-spe- 
cific  genes  and  functional  testing  indicated  that  E2-elicited 
endoplasmic  reticulum  stress  (ERS)  and  inflammatory  stress 
responses  that  led  to  apoptosis. 

Results  and  Discussion 

Cell  Line  Characterization.  Before  gene  expression  microarray 
studies  were  carried  out,  the  estrogen-dependent  WS8  (29-31), 
ED-resistant  but  apoptosis-refractory  2A  (25,  30,  31),  and  apo¬ 
ptosis-sensitive  5C  cells  (24,  29,  32)  were  characterized  to  con¬ 
firm  previously  reported  growth  responses,  biomarker  status,  and 
estrogen  response  element  (ERE)  -regulated  transcriptional 
activity  (SI  Results  and  Discussion,  SI  Methods,  and  Fig.  SI).  The 
apoptotic  responses  of  5C  cells  to  E2  were  also  characterized 
according  to  loss  of  plasma  membrane  integrity  (SI  Results  and 
Discussion,  SI  Methods,  and  Fig.  S2).  The  5C  cells  exhibited  an 
EC50  for  apoptosis  of  3  x  10“^^  M  E2  after  96  h  of  exposure  (Fig. 
S25).  Additionally,  10“^  M  E2,  the  concentration  used  for  the 
microarray  studies,  caused  apoptosis  ranging  from  ^-30%  to  42% 
of  the  5C  cells,  depending  on  the  experiment  (Fig.  S2  B  and  C). 
The  pure  antiestrogen  fulvestrant  completely  blocked  apoptosis 
induced  by  E2  and  DES,  showing  that  apoptosis  was  ER-de- 
pendent  (Fig.  S2C). 

Global  Gene  Expression  Across  Time.  To  identify  genes  and  path¬ 
ways/processes  associated  with  E2-induced  apoptosis,  differential 
regulation  of  global  gene  expression  in  response  to  E2  was  inter¬ 
rogated  in  ED-resistant/apoptotic-sensitive  5C  cells  vs.  estrogen- 
dependent  WS8  and  ED-resistant/apoptotic-refractory  2A  cells. 
Each  cell  line  was  treated  with  10“^  M  E2  or  vehicle  control  over 
a  96-h  time  course  consisting  of  seven  time  points  (2,  6, 12,  24,  48, 
72,  and  96  h)  using  six  biological  replicates  per  condition.  cRNA 
probes  from  individual  E2-treated  samples  were  competitively 
hybridized  against  time-matched  pooled  control  probes  using  two- 
color  Agilent  4  x  44  K  human  oligonucleotide  microarrays.  The 
resulting  gene  expression  values  were  log2  ratios  of  mRNA  levels 
in  E2/control-treated  cells  that,  when  plotted  across  time,  form  a 
curve.  A  measure  of  change  in  E2-mediated  regulation  of  ex¬ 
pression  over  a  defined  time  interval  was  then  calculated  as  the 
difference  in  AUCs  or  dAUCs  for  a  given  gene  between  two  cell 
lines.  Genes  that  showed  a  50%  change  in  AUCs  between  two 
cell  lines  (corresponding  to  a  dAUC  =  0.58  on  a  log2  scale)  at  aP 
value  <  0.00005  (Methods  has  details  on  P  value  determination) 
were  defined  as  significantly  different.  The  dAUC  method  was 
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applied  to  identify  differentially  regulated  genes  at  2-96, 2-24,  and 
24-96  h  to  identify  overall,  relatively  early,  and  late-responding 
genes,  respectively. 

To  identify  genes  specifically  associated  with  E2-induced  ap¬ 
optosis,  genes  were  selected  with  regulation  that  differed  sig¬ 
nificantly  with  E2  in  the  5C  cells  vs.  both  the  WS8  and  2A  cells.  A 
total  of  1,142  genes  were  identified  as  significantly  differentially 
regulated  by  E2  specifically  in  the  5C  cells  (Dataset  SI).  These 
genes  were  examined  for  overrepresentation  of  those  genes 
mapping  to  a  particular  curated  pathway/network  (Fig.  S3/4).  As 
expected,  estrogen  signaling  and  apoptosis  genes  were  signifi¬ 
cantly  enriched.  Within  the  apoptosis  category,  ERS  was  the 
most  enriched  apoptosis  subcategory  (Fig.  S3B).  Inflammatory 
response  genes  were  also  enriched.  The  overlapping  distribution 
of  genes  mapping  to  estrogen  signaling  (Dataset  S2),  apoptosis 
(Dataset  S3),  and  inflammatory  responses  (Dataset  S4)  is  shown 
in  the  Venn  diagram  in  Fig.  S3C. 

Estrogen  Signaling  Genes.  Estrogen  signaling  genes  selectively 
regulated  by  E2  in  5C  cells  relative  to  both  WS8  and  2A  cells  are 
listed  in  Dataset  S2,  and  examples  discussed  are  shown  in  Fig.  1. 
Multiple  genes  were  differentially  regulated  by  E2  in  5C  cells 
compared  with  WS8  and  2A  cells,  which  would  diminish  ERa 
activity  and  hence,  the  apoptotic  stimulus.  For  example,  genes 
that  negatively  modulate  ERa  activity  (i.e.,  AR,  CYPIBI,  FHL2, 
HSD17B11,  INHBA,  NR2F1/COUP-TF1,  SNAIl/Snail  1,  and 
THRA/TRa)  were  selectively  up-regulated,  whereas  those  genes 
that  promote  ERa  activity  were  selectively  down-regulated 
(AREG,  CAVl,  and  PIK3CB)  by  E2  in  5C  cells.  The  up-regu- 
lated  estrogen  metabolizing  enzymes  CYPIBI  and  HSD17B11 
would  decrease  intracellular  E2  pools.  SETD7/SET7/SET9 
methylates  ER  to  stabilize  the  protein  (Dataset  S5,  ref.  1);  hence, 
its  down-regulation  by  E2  in  5Cs  would  accelerate  ERa  protein 
degradation.  ERa  activity  would  be  suppressed  by  up-regulation 
of  transcription  factors  that  repress  ERa  RNA  expression  (i.e., 
FHL2  and  Snail-1)  (Dataset  S5,  refs.  2  and  3)  or  compete  with 
ERa  for  binding-extended  ERE  half-sites,  which  overlap  with 
many  natural  EREs  (i.e.,  COUP-TFl  and  TRa)  (Dataset  S5, 
refs.  4  and  5).  AR  failed  to  down-regulate  in  response  to  E2  in  5C 
cells,  allowing  greater  AR  activity.  AR  and  ERa  interact  in 
complexes,  and  androgens  inhibit  E2-stimulated  growth  of  MCF- 
7  cells  (Dataset  S5,  ref.  6);  thus,  AR  can  oppose  ERa.  ERa 


activity  can  also  be  suppressed  by  activin-A,  a  TGFp  superfamily 
ligand,  in  a  SMAD3-dependent  manner  in  MCF-7  cells  (Dataset 
S5,  ref.  7).  Both  INHBA  and  SMAD3  were  selectively  induced  in 
5C  cells,  and  INHBA  homodimerizes  to  form  activin-A,  which 
signals  to  SMAD3;  SMAD3  interacts  with  ERa  at  promoters  to 
repress  transcription.  AREG  and  PIK3CB  failed  to  increase  in 
response  to  E2  in  5C  cells.  This  failure  to  increase  may  have  pre¬ 
vented  increased  ERa  activity,  because  AREG  activates  EGER, 
which  leads  to  ERa-Serll8  phosphorylation,  and  PIK3CB  is  the 
catalytic  subunit  of  PI3K,  which  through  Akt,  targets  ERa-Serl67 
phosphorylation  (Dataset  S5,  ref.  8).  CAVl  expression  also  failed 
to  increase,  which  again  prevents  increased  ERa  activity,  because 
CAVl  interacts  with  and  promotes  activity  of  membrane-localized 
ERa  (Dataset  S5,  ref.  9).  However,  not  all  of  ERa’s  activities  were 
suppressed.  In  particular,  ERa  interacts  with  and  directs  tran¬ 
scription  through  AP-1  transcription  complexes  in  addition  to 
EREs  (Dataset  S5,  ref.  10).  AP-1  complexes  consist  of  EOS,  JUN, 
and  JUND  subunits,  which  were  all  selectively  induced  by  E2  in  5C 
cells  [EOS  and  JUN  were  verified  by  quantitative  PCR  (qPCR)  in 
Fig.  S4].  Importantly,  AP-1  complexes  play  important  roles  in 
apoptosis  and  inflammatory  responses  (discussed  later),  and  thus, 
ERa  interaction  with  AP-1  provides  a  mechanism  for  E2  to  target 
such  genes. 

Apoptosis  Genes.  The  identified  apoptosis  genes  are  listed  in 
Dataset  S3,  and  discussed  examples  are  shown  in  Fig.  2.  Enrich¬ 
ment  analysis  indicated  ERS-mediated  apoptosis  as  the  top-scoring 
individual  pathways  within  the  apoptosis  category  (Fig.  S3).  The 
endoplasmic  reticulum  is  a  key  site  for  protein  folding.  When  cel¬ 
lular  stresses  perturb  energy  levels,  the  redox  state,  or  Ca^"^  con¬ 
centrations,  unfolded  proteins  accumulate  and  protein  aggregation 
occurs;  this  condition  is  referred  to  as  ERS  (Dataset  S5,  refs.  11  and 
12).  To  relieve  ERS,  an  unfolded  protein  response  (UPR)  is  trig¬ 
gered  by  the  chaperone  HSPA5/GRP78/BiP.  In  addition  to  binding 
unfolded  proteins,  GRP78  binds  and  prevents  oligomerization  of 
the  endoplasmic  reticulum  transmembrane  receptors  EIF2AK3/ 
PERK,  IREla/ERNl,  and  ATF6.  When  unfolded  proteins  accu¬ 
mulate,  GRP78  is  released  from  binding  the  transmembrane 
receptors,  allowing  them  to  oligomerize  and  autophosphorylate  to 
initiate  a  UPR  signal.  The  UPR  signals  to  attenuate  protein 
translation,  induce  expression  of  additional  chaperones,  and  export 
misfolded  proteins  to  the  cytosol  for  degradation.  If  the  UPR  fails 


Fig.  1.  Examples  of  estrogen  signaling  genes.  Full  annotation,  dAUC  values,  and  P  values  of  all  estrogen  signaling  genes  are  given  in  Dataset  S2. 
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Fig.  2.  Examples  of  apoptosis  genes.  Full  annotation,  dAUC  values,  and  P  values  of  all  apoptosis  genes  are  given  in  Dataset  S3. 


to  relieve  the  stress,  the  function  of  the  UPR  switches  from  pro¬ 
moting  cell  survival  to  promoting  cell  death.  Thus,  excessive  or 
prolonged  ERS  typically  induces  apoptosis. 

Growth  stimulation  of  hormonally  responsive  cells  by  E2  leads 
to  increases  in  requirements  for  folding  nascent  polypeptides 
and  clearance  of  malfolded  proteins.  However,  in  5C  cells  com¬ 
pared  with  WS8  and  2A  cells,  E2-regulated  expression  changes 
indicated  a  deficiency  in  these  functions.  In  5C  cells,  E2  failed  to 
sufficiently  up-regulate  endoplasmic  reticulum-localized  protein 
folding  genes,  including  GRP78  (verified  by  qPCR  in  Fig.  S4), 
EROIL,  PDIA6,  and  UGGTl.  Cytoplasmic  protein  folding 
genes,  including  HSP90AB1/HSP90B,  PPIAL4A,  and  PPIF  (also 
FKBPIO),  also  failed  to  up-regulate.  Additionally,  in  5C  cells,  E2 
preferentially  down-regulated  HERPUDl/HERPl  and  DERLl, 
factors  that  promote  degradation  of  endoplasmic  reticulum-res¬ 
ident  proteins.  A  deficiency  in  up-regulating  UPR  genes  in  5C 
cells  may  have  resulted  in  part  by  the  pronounced  E2-mediated 
repression  of  MBTPSI/SIP,  which  cleaves  ATF6,  activating  its 
translocation  to  the  nucleus  to  induce  transcription  of  UPR 
genes,  including  XBPl.  Thus,  decreased  SIP  may  have  led  to  de¬ 
creased  ATF6  and  XBPl  activity,  thereby  preventing  induction 
of  multiple  UPR  genes. 

E2-mediated  gene  expression  alterations  in  5C  cells  indicated 
widespread  inhibition  of  protein  translation  compared  with  E2- 
treated  WS8  and  2A  cells.  Within  2  h,  E2  had  up-regulated 
DNAJC3/p58^^^,  which  binds  to  and  inactivates  EIF2AK3/PERK, 
leading  to  reduced  global  translational  initiation  (Dataset  S5,  ref. 
12).  The  aminoacyl  tRNA  synthetase  interacting  protein  AIMPl 
and  tRNA  synthetases,  including  CARS  (also  EARS,  SARS,  and 
YARS)  failed  to  increase  in  response  to  E2  in  5Cs.  Other  trans¬ 


lational  factors  that  failed  to  induce  in  5C  cells  include  EEF2K 
and  GSPT1/ERF3A  (also  EEFlAl,  ETFl,  and  PABPC4). 

Under  severe  ERS,  the  UPR  can  shut  down  lipogenesis  as 
cells  commit  to  death  (Dataset  S5,  ref.  12).  This  was  likely  the 
case  in  E2-treated  5C  cells  since  they  showed  a  lack  of  induction 
of  critical  genes  involved  in  fatty  acid  synthesis,  including  ACFY, 
SCD/ACOD,  and  EFOVFl.  ACFY  is  the  primary  enzyme  re¬ 
sponsible  for  synthesis  of  acetyl-CoA,  the  basic  building  block  of 
fatty  acids.  SCD  introduces  a  C-C  double  bond  in  fatty  acyl-CoA 
substrates,  including  stearoyl-CoA  and  palmitoyl-CoA,  a  key 
step  in  producing  monounsaturated  fatty  acids.  ELOVLl  con¬ 
denses  both  saturated  and  monounsaturated  fatty  acids.  Notably, 
SCD  and  ELOVFl  are  localized  to  the  endoplasmic  reticulum 
membrane. 

In  response  to  severe  ERS,  specific  BCL2  and  Bcl-2  homology 
domain  3  (BH3)  -only  family  members  are  targeted  to  initiate 
apoptosis  (Dataset  S5,  ref.  11).  Prototypical  BCF2  inhibits  cell 
death  by  binding  and  inactivating  proapoptotic  members  such  as 
BAX.  BH3  only-containing  proteins  like  BCF2F11/BIM  indirectly 
activate  BAX  by  binding  BCF2  (through  the  BH3  motif),  thereby 
releasing  BAX  from  the  complex.  BAX  then  permeabolizes  the 
mitochondrial  outer  membrane,  allowing  cytochrome  C  release  to 
the  cytoplasm.  Under  ERS,  BAX  also  interacts  with  and  activates 
IREla.  IREla  then  signals  to  INK  to  simultaneously  activate  BIM 
and  inhibit  BCF2  (Dataset  S5,  ref.  11).  A  variety  of  ERS  inducers 
stimulate  BIM  expression,  and  BIM  is  essential  in  ERS-induced 
apoptosis  in  a  wide  range  of  cell  types  (Dataset  S5,  ref.  13).  This 
apoptotic  pathway  was  likely  activated  by  E2  in  5C  cells.  E2  failed  to 
repress  MAPKIO  (JNK3)  in  5C  cells,  indicating  higher  JNK3  ac¬ 
tivity.  Meanwhile,  E2  selectively  up-regulated  BAX,  BIM  (verified 
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by  qPCR  in  Fig.  S4),  and  another  BH3-only  proapoptotic  factor, 
HRK  (also  BBC3/PUMA  but  PUMA  did  not  make  the  signifi¬ 
cance  cutoff)  (Fig.  S5).  Importantly,  E2  repressed  BCL2  in  5C  cells 
but  induced  it  in  WS8  cells.  However,  E2  also  repressed  BCL2  in 
2A  cells,  and  therefore,  it  was  not  a  5C-specific  gene  (Fig.  S5).  We 
previously  verified  the  importance  of  BAX  and  BIM  by  showing 
that  they  were  selectively  induced  by  E2  at  the  protein  level  in  5C 
vs.  WS8  cells  and  that  their  depletion  by  RNAi  blocked  E2-induced 
apoptosis  (31).  Therefore,  ERS  may  have  triggered  mitochondrial- 
mediated  apoptotic  cell  death  in  E2-treated  5C  cells. 

After  prolonged  ERS,  specific  caspases  are  activated  to  enact 
cell  death.  Examination  of  the  caspases  revealed  that  only  CASP4 
met  the  stringent  statistical  significance  criteria  in  the  microarray 
data.  CASPl,  CASP5,  and  CASP8  also  showed  up-regulation  in 
5C  cells  but  did  not  meet  our  significance  threshold  (Fig.  S5). 
CASP4  along  with  CASPl  and  CASP5  are  inflammatory  caspases, 
because  they  are  involved  in  cytokine  maturation  (Dataset  S5,  ref. 
14).  CASP4  specifically  localizes  to  the  endoplasmic  reticulum  and 
undergoes  cleavage  in  response  to  ERS-inducing  agents/proteins 
but  not  other  apoptotic  agents,  and  its  blockade  using  z-LEVD- 
fmk  or  depletion  by  RNAi  can  prevent  endoplasmic  stress-induced 
apoptosis  in  multiple  model  systems  (Dataset  S5,  refs.  15-20). 
Importantly,  CASP4  autoactivates  by  dimerizing  and  undergoing 
interdomain  cleavage  (Dataset  S5,  ref.  21),  and  thus,  simply  over¬ 
expressing  CASP4  is  sufficient  to  induce  cleavage  of  downstream 
caspases  (Dataset  S5,  ref.  22)  and  cause  apoptosis  (Dataset  S5, 
ref.  23).  Under  ERS,  CASP4  can  also  be  activated  by  calpain 
(Dataset  S5,  refs.  24  and  25),  and  CAPN12  and  CAPN13  were 
selectively  up-regulated  in  5C  cells. 

Inflammatory  Response  Genes.  The  inflammatory  response  genes 
are  listed  in  Dataset  S4,  and  discussed  examples  are  shown  in 
Fig.  3.  In  5C  cells,  E2  elicited  up-regulation  of  many  proin- 
flammatory  cytokine/cytokine  receptors,  including  IL-4R  (veri¬ 
fied  by  qPCR  in  Fig.  S4),  IL-6R,  IL-6ST/gpl30,  IL-17RD/Sef, 
and  VEGFA.  IL-4R  was  induced  with  early  kinetics,  indicating 
that  it  may  be  a  primary  response.  IL-6R  was  up-regulated 
shortly  after  IL-4R,  whereas  IL-6ST/gpl30,  also  an  IL-4R  sub¬ 
unit,  was  already  up-regulated  by  2  h.  Hence,  IL-6  signaling  was 
likely  activated  in  5Cs.  IL-17RD/Sef  not  only  mediates  IL-17 
signaling,  but  its  overexpression  also  leads  to  INK  activation 
and  apoptosis  (Dataset  S5,  ref.  26),  which  links  inflammatory 
responses  and  ERS.  VEGFA  also  leads  to  activation  of  INK 
in  tamoxifen-resistant  MCF-7  cells  (Dataset  S5,  ref.  27).  An 
IFN  response  was  likely  activated,  because  the  IFN  IFNLl 
and  the  IFN-responsive  genes  IFI6  and  IFI16  (Dataset  S3)  were 
up-regulated.  CASP4  can  also  be  induced  by  IFN  (Dataset 
S5,  ref.  28). 

A  number  of  other  proinfiammatory  genes,  such  as  CEBPB, 
NTNl  (verified  by  qPCR  in  Fig.  S4),  and  UNC5C,  were  selectively 
up-regulated  in  E2- treated  5C  cells  with  relatively  early  kinetics, 
indicating  possible  mechanistic  roles.  CEBPB  is  important  in  in¬ 
duction  of  IL-6,  is  activated  by  ERS  (Dataset  S5,  ref.  29),  is  re¬ 
quired  for  nuclear  import  of  the  key  ERS  protein  CHOP/ 
GADD153  (Dataset  S5,  ref.  30),  and  enhances  NF-kB  signaling 
(Dataset  S5,  refs.  31  and  32).  NTNl  is  a  secreted  inflammatory 
marker,  but  it  protects  tissues  from  inflammatory  injury  by  sup¬ 
pressing  cytokine  production,  repulsing  leukocyte  infiltration,  and 
acting  as  an  antiinflammatory  and  antiapoptotic  ligand  of  its 
receptors  DCC  and  the  UNC-5  family  members  (Dataset  S5,  refs. 
33  and  34).  In  the  context  of  E2-induced  apoptosis,  NTNl  may 
have  been  up-regulated  to  limit  or  resolve  the  inflammatory  re¬ 
sponse.  Interestingly,  E2  rapidly  down-regulated  UNC5C  in  WS8 
and  2A  cells  within  6  h  but  failed  to  do  so  in  5C  cells,  resulting  in 
higher  UNC5C  expression.  UNC5C  may  have  a  proinfiammatory 
role,  because  synovial  cells  from  patients  with  rheumatoid  arthritis 
and  osteoarthritis  dramatically  overexpress  UNC5C  (769-fold) 
compared  with  those  cells  of  healthy  donors  (Dataset  S5,  ref.  35). 


Arachidonic  acid  (AA;  20:4n-6)  is  a  polyunsaturated  fatty  acid 
that  plays  a  key  role  as  an  inflammatory  mediator.  Enzymes  in¬ 
volved  in  AA  biosynthesis  were  up-regulated  by  E2  in  5C 
cells,  including  FADSl  (verified  by  qPCR  in  Fig.  S4),  FADS3, 
PLA2G10,  PLCD3,  MGLL/MAGL,  PPAP2A/LPP1  (verified  by 
qPCR  in  Fig.  S4),  and  SGMSl/SMSl.  FADS3  and  FADSl  cat¬ 
alyze  the  first  and  last  steps  in  AA  biosynthesis  by  introducing  C- 
C  double  bonds  in  linoleic  acid,  producing  y-linolenic  acid  (18:3n- 
6),  and  dihomo-y-linolenic  acid  (20:3n-6),  producing  AA.  PLA2s 
hydrolyze  phospholipids,  releasing  AA,  whereas  PLCD3  cleaves 
AA  from  diacylglycerol.  MGLL  converts  monoacylglycerides 
such  as  2-arachidonoylglycerol  to  free  fatty  acids  including  AA. 
PPAP2A/LPP1  converts  phosphatidic  acid  to  diacylglycerol,  pro¬ 
viding  increased  substrate  levels  for  PLCD3  to  release  AA.  As  an 
inflammatory  mediator,  AA  is  used  as  a  precursor  by  cyclooxy¬ 
genase  and  lipoxygenase  to  generate  inflammatory  prostaglan¬ 
dins  and  leukotrienes,  respectively.  However,  the  cyclooxygenase 
pathway  was  unlikely  to  have  been  involved  in  E2-induced  apo¬ 
ptosis,  because  induction  of  PTGES  failed  in  5C  cells  compared 
with  WS8  and  2A  cells.  In  hormone-dependent  breast  cancer  cells, 

E2  is  known  to  induce  PTGES  expression  through  an  ERE,  which 
may  promote  breast  cancer  proliferation,  because  the  increased 
prostaglandin  E2  may  enhance  aromatase  expression  and  also 
promote  local  productions  of  estrogens  (Dataset  S5,  ref.  36).  Thus,  ^ 

a  failure  to  induce  PTGES  may,  ultimately,  have  served  to  prevent  g 

any  potential  increases  in  estrogen  concentrations  in  5C  cells.  j 

Considering  that  ERS  likely  led  to  a  block  of  fatty  acid  synthesis  y 

and  conversion  to  monounsaturated  fatty  acids  (i.e.,  no  induction  " 

of  ACLY  and  SCD),  the  selective  increases  in  AA-related  genes 
likely  indicate  the  importance  of  AA  in  promoting  an  inflam¬ 
matory  response  in  E2-induced  apoptosis. 

Cross-Talk  Between  ERS  and  Inflammatory  Stress.  As  mentioned 
previously,  ERS  and  inflammatory  pathways  intersect.  The  key 
ERS  genes  IREla,  ATF6,  and  PERK  can  all  activate  NF-kB, 
which  serves  as  a  master  regulator  of  inflammatory  response  gene 
transcription  (Dataset  S5,  refs.  12  and  37).  Many  of  the  identified 
cytokine/cytokine  receptors  signal  through  NF-kB  pathways. 

Other  genes  selectively  induced  by  E2  in  5C  cells,  including 
BCLIO  (Dataset  S5,  ref.  38),  CXXC5  (Dataset  S5,  ref.  39),  LTB 
(verified  by  qPCR  in  Fig.  S4  and  Dataset  S5,  ref.  40),  and  ITGB2 
(Dataset  S4;  Dataset  S5,  ref.  41),  activate  NF-kB  signaling  as  well. 
Additionally,  SETD7/SET7/SET9,  which  negatively  regulates 
NF-kB  activity  by  methylating  the  RelA  subunit  to  induce  its 
degradation  (Dataset  S5,  ref.  42),  was  down-regulated  by  E2  in 
5Cs  (Fig.  1).  Furthermore,  multiple  5C-specific  genes  are  NF-kB- 
responsive,  including  BIM  (Dataset  S5,  refs.  43  and  44),  CASP4 
(Dataset  S5,  ref.  45),  CEBPB  (Dataset  S5,  ref.  46),  CP 
(Dataset  S4;  Dataset  S5,  ref.  47),  NTNl  (Dataset  S5,  ref.  48),  and 
VEGFA  (Dataset  S5,  ref.  49).  Moreover,  ERa  and  NF-kB  can 
interact  to  transcriptionally  regulate  promoters,  providing  a  direct 
mechanism  for  E2  to  target  a  diverse  array  of  inflammatory  and 
apoptotic  genes.  Therefore,  NF-kB  signaling  was  very  likely 
involved  in  E2-induced  apoptosis,  and  we  are  pursuing  this 
hypothesis  in  future  studies. 

ERS  also  intersects  with  inflammatory  responses  through  INK. 

As  mentioned,  the  ERS  sensor  IREla  (Dataset  S5,  ref.  12)  and 
the  IL  receptor  17RD/Sef  can  activate  JNK  (Dataset  S5,  ref.  26). 

The  orphan  TNF  receptor  TNFRSF19/TAJ,  which  failed  to 
down-regulate  in  response  to  E2  in  5C  cells,  also  activates  JNK 
(Dataset  S5,  ref.  50).  JNK  then  phosphorylates  AP-1  complexes  to 
induce  expression  of  inflammatory  response  genes  (Dataset  S5, 
ref.  12).  As  mentioned  earlier,  the  AP-1  subunits  JUN,  JUND, 
and  FOS  were  selectively  induced  in  E2-treated  5C  cells. 

Functional  Involvement  of  AA  and  CASP4  in  E2-lnduced  Apoptosis. 

The  involvement  of  ERS  and  inflammatory  stress  in  E2-in- 
duced  apoptosis  was  functionally  examined.  We  first  tested 
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Fig.  3.  Examples  of  inflammatory  response  genes.  Full  annotation,  dAUC  values,  and  P  values  of  all  inflammatory  response  genes  are  given  in  Dataset  S4. 


whether  E2-induced  apoptosis  could  be  promoted  by  AA.  AA 
was  chosen,  because  (/)  it  is  widely  recognized  as  a  proin- 
flammatory  agent;  (//)  it  induces  apoptosis  (Dataset  S5,  ref.  51), 
at  least  in  part  by  depleting  the  endoplasmic  reticulum  of  Ca^"^ 
and  inhibiting  protein  translation,  thereby  likely  eliciting  ERS 
(Dataset  S5,  ref.  52);  {Hi)  it  can  activate  NF-kB  in  mammary 
epithelial  cells  (Dataset  S5,  ref.  53);  and  {iv)  several  genes,  which 
increase  AA  levels  (e.g.,  FADSl  and  PLA2G10),  were  up-reg- 
ulated  in  response  to  E2  in  5C  vs.  WS8  and  2 A  cells.  5C  cells 
were  exposed  to  varying  concentrations  of  both  AA  and  E2  in 
a  factorial  design,  and  then,  apoptosis  was  measured  by  flow 
cytometric  analysis  of  YO-PRO-1  and  7-aminoactinomycin 
D  staining  (Fig.  44).  Because  E2-induced  apoptosis  occurs  max¬ 
imally  with  10“^  M  E2  after  96  h  of  exposure,  E2  was  used  at  low 
concentrations  of  2.5  and  5  x  10“^^  M,  and  apoptosis  was  assayed 
at  72  h  to  allow  observation  of  potential  additional  AA  effects. 
The  combination  of  AA  plus  E2  at  all  varied  concentrations  in¬ 
creased  the  percentage  of  apoptotic  plus  dead  cells  in  a  greater 
than  additive  manner  relative  to  either  agent  alone.  Fitting  the  data 
to  a  multiple  regression  model  showed  the  rate  of  increase  (slope) 
in  apoptotic  plus  dead  cells  progressively  and  significantly  in¬ 
creased  comparing  E2  alone  with  E2  +  10  pM  AA  or  E2  +  20  pM 
AA.  Therefore,  AA  and  E2  interacted  to  superadditively  induce 
apoptosis,  indicating  that  their  pathways  functionally  intersect. 

The  importance  of  CASP4  was  evaluated  using  a  panel  of  ir¬ 
reversible  caspase  peptide  inhibitors  selectively  targeting  cas- 
pases-1  to  -9  (except  CASP3,  which  is  not  expressed  in  MCF-7 
cells)  (Dataset  S5,  ref.  54).  5C  cells  were  treated  with  10“^  M  E2 
plus  each  caspase  inhibitor  as  indicated  for  96  h  to  induce 
apoptosis,  which  was  measured  by  altered  plasma  membrane 
permeability  (Fig.  AB).  The  broad  spectrum  caspase  inhibitor 
z-VAD-fmk  was  used  as  a  positive  control,  because  we  previously 
reported  that  this  inhibitor  completely  blocks  E2-induced  apop¬ 
tosis  (31),  whereas  the  inactive  inhibitor  z-FA-fmk  was  used  as 
a  negative  control.  In  an  effort  to  prevent  off-target  caspase  in¬ 
hibition,  the  blockers  were  used  at  10  pM,  which  was  the  con¬ 


centration  that  reduced  apoptosis  by  approximately  one-half  by 
the  pan  inhibitor  z-VAD-fmk.  The  most  active  inhibitor  was  the 
CASP4  blocker  z-LEVD-fmk,  which  was  slightly  more  effective 
than  the  pan  CASP  inhibitor  (Fig.  AB).  The  CASP8  inhibitor 
z-IETD-fmk  was  the  next  most  active  blocker  but  was  significantly 
less  potent  than  z-LEVD-fmk  (Rvalue  =  0.0026).  Therefore,  in  an 
unbiased  comparison  of  caspases-1  to  -9,  CASP4  was  validated  as 
functionally  critical  in  E2-induced  apoptosis. 

The  functional  activity  of  CASP4  was  also  studied.  Real-time 
qPCR  and  immunoblotting  confirmed  induction  of  CASP4  ex¬ 
pression  at  the  mRNA  and  protein  levels,  respectively,  occurred 
specifically  in  5C  cells  in  response  to  E2  (Fig.  5  A  and  B).  Im¬ 
portantly,  in  5C  cells,  z-LEVD-fmk  at  20  pM  completely  blocked 
E2-induced  PARP  cleavage  (Fig.  5R),  reversed  E2-inhibited 
growth  (Fig.  5C),  and  prevented  morphologic  alterations  asso¬ 
ciated  with  apoptosis  in  5C  cells  (Fig.  5D).  Because  z-LEVD-fmk 
was  used  at  20  rather  than  10  pM,  we  do  not  discount  the  pos¬ 
sibility  that  some  caspases  in  addition  to  CASP4  were  also 
inhibited  and  that  other  caspases  could  still  play  an  important 
role.  Yet,  our  data  establishes  a  critical  role  for  CASP4  in  E2- 
induced  apoptosis. 

Concluding  Remarks.  We  have  interrogated  E2-induced  apoptosis 
by  identifying  differentially  regulated  genes  across  time  associated 
with  this  process  compared  with  E2-stimulated  and  -independent 
growth  using  a  method  we  developed  termed  dAUC  analysis. 
Overrepresentation  analysis  of  the  identified  genes  indicated  that 
5C  cells  respond  to  E2  by  suppressing  ERa  signaling  and  pro¬ 
ducing  endoplasmic  reticulum  and  inflammatory  stress.  Estrogen 
signaling  was  suppressed  by  metabolically  reducing  intracellular 
E2  concentrations  (increased  CYPIBI  and  HDS17B11)  and  up- 
regulating  genes  that  antagonize  ERa  activity  (SETD7,  FHL2, 
Snail  1,  COUP-TFl,  TRa,  AR,  INHBA,  and  SMAD3)  or  re¬ 
pressing  genes  that  promote  ERa  activity  (AREG,  PIK3CB,  and 
CAVl).  ERS  was  indicated  by  a  deficiency  in  up-regulating  genes 
involved  in  initiating  a  UPR  (GRP78,  XBPl,  and  SIP),  protein 
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Fig.  4.  Functional  interrogation  of  E2-inclucecl  apoptosis.  (>A)  AA  and  E2 
interact  to  superadditively  induce  apoptosis.  5C  cells  were  treated  with 
combinations  of  AA  and  E2  as  indicated  for  72  h.  {B)  Screening  of  selective 
CASP  inhibitors.  The  selectivity  of  the  inhibitors  for  individual  caspases  is 
indicated  according  to  the  manufacturer.  5C  cells  were  treated  with  10“®  M 
E2  and  10  pM  of  each  CASP  inhibitor  as  indicated  for  96  h.  {A  and  B)  Apo¬ 
ptosis  according  to  altered  plasma  membrane  permeability  was  determined 
by  flow  cytometric  analysis  of  cells  stained  with  the  DNA-specific  binding 
dyes  YO-PRO-1  and  7-aminoactinomycin  D.  Double-negative  staining  cells 
were  defined  as  viable,  double-positive  staining  cells  were  defined  as  dead, 
and  intermediately  staining  cells  were  defined  as  apoptotic.  Data  shown  in  B 
represent  triplicates  and  associated  SDs. 


Fig.  5.  Functional  involvement  of  CASP4  in  E2-induced  apoptosis.  E2-induced 
CASP4  at  the  (A)  mRNA  and  {B)  protein  levels  in  5C  cells  but  not  in  WS8  or  2A 
cells.  CASP4  mRNA  and  protein  levels  were  measured  by  qPCR  and  immu- 
noblotting,  respectively.  {B)  In  5C  cells,  E2  led  to  cleavage  of  the  apoptotic 
marker  PARP,  which  was  blocked  by  the  CASP4  inhibitor  z-LEVD-fmk.  C, 
control;  E,  E2;  I,  inhibitor  (z-LEVD-fmk);  C-CASP4,  cleaved  CASP4;  NS,  non¬ 
specific  band.  (C)  E2-inhibited  growth  of  5C  cells  was  completely  reversed  by 
z-LEVD-fmk.  Proliferation  was  determined  after  6  d  of  10“^  M  E2  exposure 
and  measured  by  DNA  mass  per  well.  CASP4  Inh,  CASP4  inhibitor  z-LEVD-fmk. 
(D)  Morphologic  alterations  after  96  h  of  10“^  M  E2  in  5C  cells  were  com¬ 
pletely  reversed  by  z-LEVD-fmk  (LEVD).  (Scale  bar:  100  microns.)  (A-D)  E2  was 
used  at  10“^  M  and  z-LEVD-fmk  at  2  x  10“^  M.  Data  in  A  and  C  represent  the 
average  and  SDs  of  four  and  eight  replicates,  respectively. 


folding  (GRP78,  PDIA6,  and  UGGTl),  and  degradation  of 
malfolded  proteins  (HERPl  and  DERLl),  which  would  lead  to 
accumulation  of  unfolded/misfolded  proteins.  Meanwhile,  ex¬ 
pression  profiles  indicated  a  widespread  inhibition  of  protein 
translation  (increased  p58^^^  and  decreased  aminoacyl  tRNA 
synthetases,  EEF2K,  and  ERF3A)  and  fatty  acid  synthesis  (de¬ 
creased  ACLY  and  SCD),  which  combined  with  accumulation  of 
unfolded  proteins,  would  also  promote  stress  and  apoptosis.  ERS 
was  also  indicated  by  induction  of  BIM,  BAX,  and  the  in¬ 
flammatory  caspase  CASP4.  We  previously  showed  that  depletion 
of  BIM  or  BAX  blocked  E2-induced  apoptosis  (31),  and  here,  we 
showed  that  blocking  CASP4  with  z-LEW)-fmk  also  blocked  E2- 
induced  apoptosis.  Inflammatory  stress  was  indicated  by  up-reg- 
ulation  of  cytokines/cytokine  receptors  (IL-4R,  IL-6R,  IL-6ST/ 
gpl30,  IL-17RD,  and  LTB),  IFN/IFN  responsive  genes  (IFNFl, 
IFI6,  and  IFI 1 6),  AA  biosynthetic  genes  (FADSl  and  PFA2G10), 
and  other  inflammatory  markers  (CEBPB,  NTNl,  and  UNC5C). 
These  findings  indicate  that  inflammatory  and  ERS  responses 
leading  to  apoptosis  are  highly  interrelated  and  may  cross-talk  in 
part  through  NF-kB,  JNK,  and  AP-1.  Thus,  additional  stimulation 
of  ERS  and  inflammatory  responses  by  AA  interacted  with  E2  to 
superadditively  induce  apoptosis. 


It  should  be  noted  that  the  differentially  expressed  genes 
identified  here  are  associated  with  E2-induced  apoptosis;  hence, 
their  causal  role  in  apoptosis  needs  to  be  functionally  validated. 
Additional  characterization  and  functional  validation  of  genes 
and  pathways  regulating  E2-mediated  apoptosis  in  5C  cells  is 
currently  being  investigated  using  genome-wide,  high-throughput 
RNAi  profiling.  Also,  the  results  presented  here  are  based  on 
only  MCF-7  derivative  cell  lines;  hence,  the  findings  may  have 
limited  applicability  to  the  clinic.  However,  the  MCF-7  cell  line 
has  accurately  predicted  clinical  responses  to  antihormonal 
therapy  in  breast  cancer  (35).  We  and  others  have  reported 
antihormonal-resistant  MCF-7-based  models  besides  5C  cells 
that  exhibit  E2-induced  apoptosis  in  vitro  and  in  vivo  (18,  19,  23, 
36).  We  are  aware  of  only  one  other  breast  cancer  model  not 
derived  from  MCF-7  cells  that  exhibits  this  behavior  (i.e.,  T47D 
cells  stably  expressing  PKCa),  but  only  when  grown  in  vivo  as 
xenograft  tumors  (37).  Therefore,  molecular  markers  of  ERS 
and  inflammatory  stress  need  to  be  confirmed  in  low-dose  E2 
responding  compared  with  nonresponding  tumors  in  patients 
with  estrogen-deprived  metastatic  breast  cancer. 

The  identified  5C-specific  genes  may  serve  as  biomarkers  to 
predict  response  to  estrogen  therapy  (e.g.,  the  secreted  factors 
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IFNLl,  LTB,  and  NTNl  could  be  readily  measured  in  patients). 
The  identified  5C-specific  genes  also  provide  the  basis  for  po¬ 
tentially  improving  clinical  response  rates  to  estrogen  by  com¬ 
bining  it  with  agents  that  promote  ERS  and/or  tumor-specific 
inflammation.  For  example,  neutralizing  NTNl  antibodies,  AA, 
or  its  precursor,  conjugated  LA  (Dataset  S5,  ref.  51),  may  increase 
response  rates  without  engaging  systemic  inflammatory  responses. 
Furthermore,  these  findings  lead  to  the  hypothesis  that  antiin¬ 
flammatory  agents  prescribed  for  ancillary  clinical  problems 
should  not  be  used  during  antitumor  estrogen  therapy. 

Methods 

Generation  and  Validation  of  RNA  Samples  for  Microarrays.  Each  cell  line  was 
treated  with  or  without  10“^  M  E2  using  six  replicates  per  treatment  for  2,  6, 
12,  24,  48,  72,  and  96  h.  To  validate  that  each  isolated  RNA  sample  was 
derived  from  cells  appropriately  treated  with  or  without  E2,  expression  of 
two  classical  E2-responsive  genes,  MYC  and  TFF1  (pS2),  were  measured  using 
real-time  qPCR.  MYC  exhibited  early  kinetics,  and  TFF1  exhibited  later  ki¬ 
netics  of  E2  induction;  together,  induction  of  these  markers  spanned  the 
entire  time  course.  Successfully  validated  samples  are  shown  in  Figs.  S6-S8. 

dAUC  Analysis.  Differentially  labeled  fluorescent  cRNA  probes  for  each  in¬ 
dividual  E2-treated  RNA  sample  (Cy3)  and  time  point-matched,  pooled, 
control-treated  RNA  samples  (Cy5)  were  competitively  hybridized  to  Agilent 
4  X  44  K  oligonucleotide  microarrays  using  standard  Agilent  protocols.  Gene 
expression  values  were  extracted  from  arrays  as  relative  log2  ratios  of 
E2/control-treated  cells.  To  determine  whether  a  gene's  regulation  by  E2  was 
significantly  different  between  two  cell  lines,  a  method  termed  dAUC 
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analysis  was  developed.  In  this  method,  the  quantity  of  interest  (dAUC)  for 
a  given  probe  is  calculated  as  the  signed  area  between  the  expression  pro¬ 
files  for  the  two  cell  lines  (using  the  average  observed  values  at  each  time 
point).  The  null  hypothesis  is  that  dAUC  is  zero,  and  the  distribution  of 
dAUC  values  under  the  null  hypothesis  can  be  obtained  by  repeatedly 
permuting  (n  =  20,000)  the  cell  line  to  which  each  log2  ratio  value  was 
assigned,  while  keeping  the  time  points  fixed.  The  two-sided  P  value  of 
the  observed  dAUC  can  then  be  calculated  as  the  proportion  of  permu¬ 
tations  yielding  a  dAUC  that  exceeds  the  observed  dAUC  in  absolute 
value.  A  probe  was  considered  significantly  different  between  two  cell 
lines  if  the  magnitude  of  the  observed  dAUC  exceeded  that  obtained  in  all 
permutations  (i.e.,  P  <  0.00005).  To  exclude  probes  with  statistically  sig¬ 
nificant  but  numerically  small  differences,  we  imposed  an  additional 
condition  that  the  probe's  dAUC  must  have  exhibited  an  average  log2fold 
change  of  0.58  (1 .5-fold  on  a  linear  scale)  across  a  given  time  period.  The 
dAUCs  of  each  probe  were  calculated  using  all  pairwise  combinations  of 
the  three  cell  lines  over  the  entire  2-96  h  time  course,  and  to  delineate 
relatively  early  and  late  response  genes,  they  were  calculated  over  2-24 
and  24-96  h  time  periods. 
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SI  Results  and  Discussion 

Cell  Line  Characterization.  The  expected  growth/apoptotic  re¬ 
sponses  to  17p-estradiol  (E2),  biomarker  statuses  of  estrogen 
receptor-a  (ERa),  PgR,  and  HER2,  and  ER-regulated  tran¬ 
scriptional  activity  were  confirmed  in  WS8,  2A,  and  5C  cells  (Fig. 
SI).  Estrogen-dependent  WS8  cells  exhibited  a  6.8-fold  increase 
in  growth  after  7  d  of  10“^  M  E2  treatment  compared  with 
control  (no  E2)  treatment  (Fig.  SL4).  Estrogen  deprivation-re¬ 
sistant  2 A  cells  grew  robustly  in  the  absence  of  E2  over  12  d.  E2 
did  not  affect  growth  of  the  2A  cells  over  the  first  6  d  but  did 
inhibit  growth  beginning  at  day  7  to  day  12  by  62.5%  (Fig.  SIB). 
Hence,  the  2A  cells  exhibited  an  initial  phase  of  E2-independent 
growth  followed  by  a  second  phase  of  E2-inhibited  growth.  The 
resistant  5C  cells  continually  proliferated  in  the  absence  of  E2 
over  7  d.  The  DNA  mass  per  well  of  the  5C  cells  also  increased 
in  the  presence  of  E2  but  only  for  the  first  4  d.  It  is  important  to 
note  that,  within  this  period  of  apparent  growth,  E2  caused  subtle 
morphologic  changes  by  day  2  and  gross  morphologic  changes  in 
the  5C  cells,  such  as  rounding,  blebbing,  and  detachment  from 
the  plate,  by  day  4  (Fig.  5D).  In  E2-treated  5C  cells,  DNA  mass 
per  well  steadily  decreased  from  day  4  to  day  7  such  that,  by  day 
7,  there  was  5%  less  DNA  than  at  day  1  of  the  experiment  (Fig. 
SIC).  Therefore,  the  5C  cells  displayed  a  relatively  rapid  E2- 
induced  growth  inhibitory  response  compared  with  the  delayed 
growth  inhibitory  response  in  the  2 A  cells.  We  previously  re¬ 
ported  that  these  growth  inhibitory  responses  to  E2  in  5C  cells 
reflect  induction  of  apoptosis  (1). 

Protein  levels  of  ERa,  PgR,  and  HER2  were  characterized  by 
semiquantitative  immunoblot  analysis  in  estrogen-dependent 
WS8  and  estrogen  deprivation  (ED)  resistant  2A  and  5C  cells 
(Fig.  SID).  Both  2A  and  5C  cells  overexpressed  ERa:  2A  cells  by 
5.8-fold  and  5C  cells  by  2.3-fold  compared  with  WS8  cells.  In¬ 
cubation  of  the  cells  with  10“^  M  E2  for  48  h  decreased  ERa 
protein  levels  and  induced  PgR  protein  in  WS8  and  2 A  cells  but 
not  5C  cells.  Thus,  WS8  and  2A  cells  were  PgR-positive  (2), 
whereas  5C  cells  were  PgR-negative  as  previously  reported  (3). 
HER2  protein  levels  in  control-treated  cells  were  not  sub¬ 
stantially  different  in  both  2A  and  5C  cells  compared  to  WS8 
cells  after  correction  for  the  loading  control  p-actin.  Therefore, 
HER2  was  unlikely  to  have  contributed  to  the  development  of 
ED  resistance  in  these  cells. 

ER  transcriptional  activity  was  evaluated  using  an  estrogen 
responsive  element  (ERE)  -regulated  dual  luciferase  reporter 
gene  system.  Cells  were  transfected  and  treated  with  increasing 
concentrations  of  E2  for  24  h  (Fig.  SIE).  Basal  (control  treat¬ 
ment)  ERE-dependent  transcriptional  activity  was  5.8-fold  in  2A 
cells  (P  <  0.0001),  and  I.7-fold  in  5C  cells  (P  =  0.001)  relative  to 
control-treated  WS8  cells  (Fig.  SIE).  Hence,  unliganded  ER 
transcriptional  activity  was  higher  in  2 A  and  5C  cells  and  cor¬ 
related  with  increased  ERa  protein  levels  (Fig.  SID).  E2  at  10“^ 
M  stimulated  ER-dependent  transcriptional  activity  in  both  ED- 
resistant  cell  lines:  to  a  greater  extent  in  resistant  2A  cells  (22.5- 
fold)  than  estrogen-dependent  WS8  cells  (15. 4-fold)  and  to  a 
lesser  extent  in  resistant  5C  cells  (7.4-fold)  in  which  E2  induces 
apoptosis. 

Characterization  of  E2-lnduced  Apoptosis.  Apoptosis  was  verified  in 
5C  cells  in  response  to  E2  based  on  loss  of  plasma  membrane 
integrity.  This  verification  was  determined  by  flow  cytometric 
analysis  of  cells  stained  with  the  DNA  binding  dyes  YO-PRO-I 
and  7-aminoactinomycin  D.  Viable  cells  excluded  these  dyes, 
whereas  apoptotic  cells  allowed  moderate  staining;  dead  cells 


stained  strongly.  First,  the  concentration  response  of  E2-induced 
apoptosis  was  assessed  (Fig.  S2A  andD).  5C  cells  were  treated  with 
increasing  concentrations  of  E2  from  10“^^  to  10“^  M  or  control  for 
96  h.  An  apoptotic  response  was  detected  with  just  10“^^  M  E2 
(8.0%  vs.  1.9%  in  control-treated  cells),  the  lowest  concentration 
of  E2  tested.  Full  apoptotic  responses  occurred  at  and  above  I0“^° 
M  E2  (37.2%),  with  a  maximal  response  at  10“^  M  E2  (44.9%). 
Fitting  a  sigmoidal  dose  response  curve  (four-point  logistic 
equation)  to  the  data  revealed  that  the  EC50  of  E2-induced  apo¬ 
ptosis  was  3.0  X  10“^^  M.  Second,  the  dependency  of  the  apoptotic 
response  on  ER  was  confirmed.  In  addition  to  E2,  the  synthetic 
estrogen  diethylstilbestrol  (DES)  at  10“^  M  stimulated  a  robust 
apoptotic  response,  and  importantly,  the  pure  antiestrogen  ful- 
vestrant  completely  blocked  both  E2-  and  DES-induced  apoptosis 
(Fig.  S2C).  Therefore,  ER  mediated  E2-induced  apoptosis. 

SI  Methods 

Cell  Lines  and  Compounds.  MCF-7:WS8  human  breast  cancer  cells 
were  clonally  selected  from  MCF-7  cells  for  sensitivity  to  E2- 
stimulated  growth  (2-4)  and  used  here  as  the  estrogen-de¬ 
pendent  reference  cell  line.  ED-resistant  MCF-7:2A  (2,  4,  5)  and 
MCF-7:5C  (I,  3,  6)  human  breast  cancer  cells  were  also  clonally 
selected  from  MCF-7  cells  for  maximal  growth  under  long-term 
estrogen-free  conditions.  Estrogen-dependent  WS8  cells  were 
maintained  in  fully  estrogenized  media  (phenol  red  containing 
RPMI-I640  and  10%  whole  FBS  supplemented  with  6  ng/mL 
insulin,  2  mM  glutamine,  100  pM  nonessential  amino  acids,  and 
100  U  penicillin  and  streptomycin  per  mL),  whereas  5C  and  2A 
cells  were  maintained  in  estrogen-free  medium  (phenol  red-free 
RPMI-I640  plus  10%  dextran-coated  charcoal-stripped  FBS  and 
the  same  supplements  as  for  fully  estrogenized  medium)  as 
previously  described.  Cells  were  maintained  at  37  °C  in  a  hu¬ 
midified  5%  CO2  atmosphere.  Estrogen-dependent  WS8  cells 
were  switched  to  estrogen-free  media  for  3  d  before  all  experi¬ 
ments.  E2  and  DES  were  from  Sigma-AIdrich.  Fulvestrant  (also 
termed  ICI  182,780  and  Faslodex)  was  from  Tocris.  All  cell 
culture  reagents  were  from  Invitrogen.  Caspase  substrate  pep¬ 
tide  inhibitors  of  the  generalized  sequence  z-XXXX-fmk  (z, 
benzyloxycarbonyl;  X,  any  amino  acid;  fmk,  fiuoromethyl  ke¬ 
tone)  were  from  Biovision.  The  peptides  are  derivatized  as 
methyl  esters  to  promote  cell  permeability  and  to  fmk  to  irre¬ 
versibly  inhibit  the  caspase  by  alkylating  a  cysteine  residue  in  the 
catalytic  site.  All  test  agents  were  added  to  culture  medium  at 
1:10,000-1:1,000  (vol/vol). 

Cellular  Proliferation.  Cellular  proliferation  was  assessed  according 
to  DNA  mass  per  well  using  Hoechst  33258  (Invitrogen)  as 
previously  described  (I).  WS8  and  5C  cells  were  seeded  at  15,000 
and  20,000  cells/well,  respectively,  in  24-well  plates  and  allowed 
to  grow  for  7  d.  2A  cells  were  seeded  at  30,000  cells/well  in  six- 
well  plates  and  allowed  to  grow  for  12  d.  Cells  were  treated 
without  (control)  or  with  10“^  M  E2  every  other  day. 

Immunoblot  Analyses.  Whole-cell  protein  lysates  were  prepared 
and  immunoblotted  using  40  pg  protein  per  lane  as  previously 
described  (7).  Membranes  were  probed  using  antibodies  against 
ERa  (AER6III;  Lab  Vision),  HER2  (EPI045Y;  Epitomics), 
PgR  (YR85;  Epitomics),  CASP4  (CAS4;  Sigma-AIdrich),  PARP 
(46D1I;  Cell  Signaling  Technology),  p-actin  (AC-15;  Sigma-AI¬ 
drich),  and  GAPDH  (I4CI0;  Cell  Signaling  Technology).  Blots 
were  visualized  and  quantified  using  the  Odyssey  Infrared  Im¬ 
aging  System  (Li-Cor  Biosciences).  Protein  units  in  figures  re- 
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fleet  the  relative  level  of  the  target  protein  normalized  to  the 
endogenous  control  protein. 

ERE  Dual-Luciferase  Assays.  ERE  dual-luciferase  assays  were  con¬ 
ducted  by  transfecting  cells  with  an  ERE  (5x)  -regulated  [pERE 
(5x)  TA-ffLuc]  firefly  luciferase  expression  plasmid,  and  co¬ 
transfected  with  a  basal  TATA  promoter-regulated  (pTA-srLuc) 
Renilla  luciferase  expression  plasmid  as  previously  described  (7). 

Apoptosis  Analysis  by  Cell  Membrane  Permeability  Assay.  The  per¬ 
centage  of  apoptotic  cells  was  determined  based  on  altered 
plasma  membrane  permeability  to  the  nucleic  acid  stains  YO- 
PRO-1  and  7-aminoactinomycin  D  and  analyzed  by  flow 
cytometry.  Using  these  dyes,  viable  cells  stain  weakly,  apoptotic 
cells  stain  moderately,  and  dead  cells  stain  strongly.  Adherent 
cells  were  harvested  by  trypsinization  and  combined  with  floating 
cells.  Cells  were  suspended  to  ^-500,000  cells/500  pL  in  estrogen- 
free  media  and  incubated  with  100  nM  YO-PRO-1  (Invitrogen) 
plus  1  pg/mL  7-aminoactinomycin  D  (Invitrogen)  at  37  °C  for  60 
m.  Immediately  afterward,  cells  were  kept  on  ice  and  then  an¬ 
alyzed  using  a  BD  LSR-II  flow  cytometer  (BD  Biosciences).  At 
least  30,000  singlet  events  were  collected  per  sample.  Stains  were 
excited  using  a  488-nm  laser  and  detected  using  530-  (YO-PRO- 
1)  and  670-nm  (7-aminoactinomycin  D)  bandpass  Alters.  Spectral 
compensation  between  dyes  was  accomplished  using  single-stained 
cells.  Sequential  gating  of  the  relevant  forward  scatter  area  vs. 
forward  scatter  height  and  forward  scatter  height  vs.  side  scatter 
area  population  subsets  allowed  for  the  selection  of  single  cells. 
Data  were  analyzed  using  FloJo  7.6.1  for  Windows  (Tree  Star). 

RNA  Sample  Generation  for  Microarray  Analysis.  WS8,  2A,  and  5C 

cells  were  seeded  at  2,  4,  and  5  million  cells/15-cm  plate,  re¬ 
spectively,  in  estrogen-free  media.  Cells  were  parsed  into  two 
groups  of  six  replicate  plates  per  treatment  per  time  point  and 
then  treated  with  either  0.1%  ethanol  (vehicle  control)  or  10“^  M 
E2  for  2,  6,  12,  24,  48,  72,  and  96  h.  At  48  h,  media  on  the  re¬ 
maining  cells  were  replenished.  Cells  were  harvested  for  RNA 
using  TRIzol.  In  total,  252  samples  were  collected.  Total  RNA 
was  isolated  as  previously  described  (8).  RNA  samples  were 
controlled  for  purity  and  integrity  using  a  Nanodrop  1,000 
spectrophotometer  and  an  Agilent  2100  Bioanalyzer  by  requiring 
each  sample  to  exhibit  an  RNA  integrity  number  of  9.8-10.0. 

Real-Time  Quantitative  PCR  Assays.  Real-time  quantitative  PCR 
(qPCR)  was  conducted  as  previously  described  (7).  Target 
mRNA  levels  were  normalized  to  pumilio  homolog  1  {Dro¬ 
sophila)  mRNA  levels  (9).  Data  were  analyzed  by  comparison 
with  a  serial  dilution  series  of  WS8  cell  cDNA.  PCR  primer 
sequences  were  as  follows:  PUMl  forward  5'-AAT  GCA  GGC 
GCG  AGA  AAT-3',  PUMl  reverse  5'-TTG  TGC  AGC  TGA 
GGA  ACT  AAT  GA-3',  PUMl  probe  5'-[6FAM]-CCT  GTT 
CGA  CTT  GTA  GCT  CCT  GCC  CC-[BHQl]-3';  MYC  forward 
5'-GCC  ACG  TCT  CCA  CAC  ATC  AG-3',  MYC  reverse  5  - 
TCT  TGG  CAG  CAG  GAT  AGT  CCT  T-3',  MYC  probe  5  - 
[6FAM]-ACG  CAG  CGC  CTC  CCT  CCA  CTC-[BHQl]-3'; 
TFFl  forward  5'-CAT  CGA  CGT  CCC  TCC  AGA  AGA  G-3', 
TFFl  reverse  5'-CTC  TGG  GAC  TAA  TCA  CCG  TGC  TG-3', 
(no  probe  for  TFFl);  CASP4  forward  5'-TTT  CCT  GGC  AAT 
TGA  AAA  TGG-3',  CASP4  reverse  5'-AAG  GTG  CTC  CTT 
GAA  GTT  GAT  TAA  G-3',  CASP4  probe  5'-[6FAM]-AGC 
CAC  AAG  CAG  CCC  AGC  CCT-[BHQl]-3';  FOS  forward  5  - 
GCG  TTG  TGA  AGA  CCA  TGA  CA-3',  FOS  reverse  5'-CCT 
TCG  GAT  TCT  CCT  TTT  CTC  T-3',  FOS  probe  5'-[6FAM]- 
AGG  CCG  AGC  GCA  GAG  CAT  TG-3-[BHQl]-3'.  All  other 
qPCR  primers/probes  were  predesigned  assays  from  Fife  Tech¬ 
nologies/Applied  Biosystems. 


Gene  Expression  Microarrays.  Gene  expression  proflling  was  carried 
out  using  two-color  Agilent  4  x  44  K  Whole  Human  Genome 
oligonucleotide  microarrays.  RNA  labeling,  hybridization  to  the 
arrays,  and  quality  assessment  of  hybridizations  were  performed 
using  protocols  recommended  by  Agilent  Technologies  as  pre¬ 
viously  described  (8).  Each  individual  E2-treated  RNA  sample 
was  competitively  hybridized  against  a  time  point-matched, 
control-treated  reference  RNA,  which  consisted  of  a  pool  of 
equal  amounts  of  RNA  from  six  replicate  control-treated  sam¬ 
ples  (in  some  cases,  flve  samples  if  a  sample  could  not  be  vali¬ 
dated).  Individual  E2-treated  RNA  samples  were  labeled  with 
Cy3,  and  control-treated  RNA  reference  pools  were  labeled 
using  Cy5.  All  replicate  Cy3  samples  were  competitively  hy¬ 
bridized  against  the  same  reference  pool  within  each  time  point. 
Raw  data  were  extracted,  processed,  and  normalized  using 
Agilent’s  Feature  Extraction  software  (vlO.7)  as  previously  de¬ 
scribed  (8).  After  applying  a  set  of  array  hybridization  QC  cri¬ 
teria  (8)  and  estrogen-responsive  marker  qPCR  analysis,  eight 
arrays  were  excluded  from  additional  analysis — as  a  result,  4  of 
21  (cell  line/time  point)  combinations  had  five  replicate  arrays,  3 
combinations  had  four  replicate  arrays,  and  the  remaining  16 
combinations  had  six  replicate  arrays  each;  in  total,  there  were 
118  arrays.  The  gene  expression  data  are  publically  available 
online  [Gene  Expression  Omnibus  (GEO)  database,  www.ncbi. 
nlm.nih.gov/geo  (accession  no.  GSE29917)]. 

Several  steps  were  taken  to  minimize  variability  across  this 
large  gene  expression  microarray  series.  The  cell  line  treatment 
series  was  conducted  consecutively  (WS8  followed  by  5C  and  2A). 
Within  each  cell  line  series,  the  same  lot  numbers  of  Qiagen 
RNeasy  kits,  Agilent  arrays,  gasket  backings,  Cy-dyes  labeling 
kits,  hybridization  kits,  and  wash  buffers  were  used.  All  arrays 
were  washed  in  an  ozone-controlled  environment  (<0.1  ppb). 
Samples  representing  replicate  (cell  line  per  time  point)  assays 
were  hybridized  to  different  arrays  to  minimize  any  chip  to  chip 
variation  across  replicates. 

Differential  Area  Under  the  Curve  Analysis.  The  expression  meas¬ 
urements  used  in  all  analyses  were  the  log2  ratio  values  produced 
by  Agilent’s  Feature  Extraction  software.  Before  analysis,  iden¬ 
tical  probes  appearing  on  multiple  spots  were  replaced  by  their 
first  occurrence,  and  probes  lacking  a  valid  Entrez  identifier 
(based  on  Bioconductor  annotation)  were  omitted.  Probes  that 
were  absent  (those  with  signals  indistinguishable  from  back¬ 
ground  as  defined  by  Feature  Extraction  software)  in  both 
channels  across  all  arrays  involved  in  the  comparison  of  interest 
were  removed.  Probes  that  were  flagged  by  Feature  Extraction  as 
nonuniformity  outliers  in  any  of  the  replicate  arrays  were  also 
removed. 

For  a  given  cell  line  (WS8,  2A,  or  5C)  and  probe,  a  measure  of 
the  effect  of  E2  treatment  over  all  or  part  of  the  time  course  is 
given  by  the  area  under  the  log2  ratio  profile  over  the  time  period 
of  interest.  Fet  Xi^k  be  the  observed  log2  ratio  for  probe  p  for  cell 
line  i,  time  4  (F  =  2,  tj  =  96),  and  replicate  k  [where  k 
ranges  from  1  to  the  total  number  of  replicate  arrays  for  cell  line 
i  and  time  4  (six  in  most  cases)],  and  let  Xin.  be  the  average  log2 
ratio  across  replicates.  Then,  the  area  under  the  log2  ratio  profile 
(AUCi)  can  be  calculated  as  a  sum  of  trapezoidal  areas  (Eq.  SI): 

^  +^/(n+l).) 

This  area  can  be  positive  or  negative,  reflecting,  respectively,  a  net 
up-  or  down-regulation  with  E2  treatment  across  the  time  course. 
Differential  AUC  (dAUCij)  =  AUCi  -  AUCj  provides  a  mea¬ 
sure  of  change  in  regulation  between  two  cell  lines  i  and  j  across 
a  time  interval.  To  assess  the  statistical  significance  of  this  dif¬ 
ference,  we  generate  a  reference  distribution  (for  each  probe) 
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for  dAUQj  under  the  null  hypothesis  that  the  true  differential 
AUC  is  zero;  we  repeatedly  {n  =  20,000)  permuted  the  cell  line 
labels  within  each  time  point  and  calculated  dAUCperm  for  each 
permutation.  The  two-sided  P  value  of  the  test  is  the  proportion 
of  permutations  for  which  the  absolute  value  of  the  calculated 
dAUCperm  excccds  the  absolute  value  of  the  observed  dAUCij. 
Only  those  probes  whose  observed  dAUCij  value  exceeded  all 
20,000  resampled  dAUCperm  values  (i.e.,  P  value  <  0.00005)  were 
considered  significant.  To  select  only  those  probes  exhibiting 
a  substantial  separation  between  expression  profiles,  differential 
AUCs  were  also  required  to  exhibit  an  average  log2  fold  difference 
of  at  least  0.58  (corresponding  to  a  1.5-fold  change  on  the  linear 
scale) — the  average  log2  fold  difference  across  a  time  course  is  the 
ratio  of  dAUCij  to  the  length  of  the  time  course.  All  three  pairwise 
comparisons  between  the  three  cell  lines  were  performed.  The 
AUC  statistics  for  the  full  time  course  and  the  early  {t  =  2,  6,  12, 
and  24  h)  and  late  {t  =  24,  48,  72,  and  96  h)  subsets  of  the  time 
course  were  computed.  Finally,  if  multiple  distinct  probes  mapped 
to  the  same  Entrez  gene,  only  the  probe  exhibiting  the  greatest 
overall  expression  intensity,  measured  by  the  sum  of  the  log2  in¬ 
tensities  in  both  channels  across  all  arrays  in  the  comparison,  was 
retained.  All  identified  5C-specific  genes  are  listed  in  Dataset  SI 
with  full  annotation,  dAUC  values,  and  P  values. 

In  some  instances,  it  was  necessary  to  assess  differential  ex¬ 
pression  at  a  single  time  point.  For  these  comparisons,  we  used 
the  limma  package  (10,  11)  implemented  in  the  R/Bioconductor 
platform  (12).  limma  was  used  to  compute  empirical  Bayes¬ 
moderated  t  statistics,  analogous  to  classical  t  statistics  except 
that  information  on  all  probes  is  used  to  produce  more  stable  SE 
estimates  of  log  fold  changes.  P  values  of  moderated  t  statistics 
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were  adjusted  for  multiple  comparisons  by  using  the  method  of 
Benjamini  and  Hochberg  (13)  to  control  the  false  discovery  rate, 
the  expected  false  positive  rate  among  rejected  null  hypotheses. 

Gene  Enrichment  and  Pathway  Analysis.  Gene  enrichment  and 
pathway  analysis  (Fig.  S3)  was  conducted  using  GeneGo’s  Met- 
aCore  version  6.5.  This  software  generates  P  values  based  on 
a  hypergeometric  test  of  enrichment  and  measures  the  proba¬ 
bility  of  observing  the  number  of  identified  genes  mapping  to 
a  particular  curated  process  by  chance  as  a  function  of  the  total 
number  of  identified  genes,  the  number  of  curated  genes  in  the 
pathway,  and  the  size  of  the  full  set  of  all  genes  in  all  curated 
pathways.  Significantly  enriched  processes/pathways/networks 
were  required  to  pass  a  false  discovery  rate  of  0.05. 

Genes  differentially  regulated  by  E2  selectively  in  5C  cells  that 
are  involved  in  estrogen  signaling,  apoptosis,  and  inflammatory 
responses  are  listed  in  Datasets  S2-S4,  respectively.  These  genes 
were  categorized  according  to  gene  ontology  terms  as  curated  by 
GeneGo  and  the  Gene  Ontology  project  (http://geneontology.org). 

Additional  Statistical  Analyses.  Two-sided  t  tests  were  used  for 
pairwise  comparisons  not  involving  microarray  gene  expression 
values.  Nonlinear  curve  fitting  and  EC50  determinations  were 
performed  using  Prism  4.03  (GraphPad  Software).  To  assess  the 
interaction  between  E2-  and  arachidonic  acid  (AA)  -induced 
apoptosis  (Fig.  44),  the  multiple  regression  model  Pet  =  E2  -\- 
AA  E2  X  AA  was  fit,  in  which  Pet  was  the  percentage  of  ap- 
optotic  plus  dead  cells,  E2  was  the  E2  concentration,  and  AA  was 
the  AA  concentration.  AA  was  coded  as  a  categorical  factor  with 
three  levels  (0,  10,  and  20  pM). 
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Fig.  S1.  Characterization  of  estrogen-dependent  MCF-7:WS8  and  estrogen  deprivation-resistant  MCF-7:2A  and  MCF-7:5C  cell  lines.  E2-regulated  growth  of  (A) 
MCF-7:WS8,  {B)  MCF-7:2A,  and  (C)  MCF-7:5C  cell  lines.  Cells  were  seeded  in  24-  (WS8  and  5C  cells)  or  6-well  plates  (2A  cells)  and  allowed  to  grow  in  the  presence 
or  absence  of  E2  over  7  (WS8  and  5C  cells)  or  12  d  (2A  cells).  DNA  mass  per  well  was  measured  daily  using  the  DNA  binding  fluorescent  dye  Hoechst  33258 
compared  with  a  standard  curve.  Data  shown  represent  eight  replicate  wells  and  associated  SDs  per  condition  and  time  point.  (D)  Protein  expression  levels  of 
ERa,  PgR,  and  HER2.  Protein  levels  were  analyzed  by  immunoblotting.  (£)  ERE-regulated  transcriptional  activity  using  dual-luciferase  assays.  Cells  were  treated 
with  the  indicated  E2  concentrations  for  24  h.  Data  shown  represent  triplicates  and  associated  SDs. 
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Fig.  S2.  E2  induces  apoptosis  in  5C  cells  in  a  concentration-dependent  manner  through  ER.  {A  and  B)  Concentration  response  of  E2-induced  apoptosis.  Ap¬ 
optosis  was  determined  by  flow  cytometric  analysis  of  cells  stained  with  the  DNA-specific  binding  dyes  YO-PRO-1  and  7-aminoactinomycin  D.  Double-negative 
staining  cells  were  defined  as  viable,  double-positive  staining  cells  were  defined  as  dead,  and  intermediately  staining  cells  were  defined  as  apoptotic.  Cells 
were  not  treated  (control)  or  treated  with  the  indicated  increasing  E2  concentrations  for  96  h.  Examples  of  flow  cytometry  data  are  shown  in  A,  and  quan¬ 
titation  of  apoptotic  and  dead  cells  is  shown  in  B.  (C)  ER-dependent  apoptosis  in  5C  cells.  E2  and  DES-induced  apoptosis  in  5Cs  was  completely  blocked  by 
fulvestrant.  5C  cells  were  treated  with  the  indicated  ER  ligands  for  96  h  and  analyzed  for  apoptotic  and  dead  cells  as  in  A.  Data  shown  in  B  and  C  represent 
triplicates  and  associated  SDs. 
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Fig.  S3.  Enrichment  analysis  of  genes  differentially  regulated  by  E2  in  5C  cells  relative  to  both  WS8  and  5C  cells.  {A)  Broad  pathway  categories.  {B)  Individual 
pathways  and  networks.  {A  and  B)  The  top  10  scoring  pathways/processes  are  shown  for  each  group.  (C)  Venn  diagram  showing  the  total  and  overlapping 
number  of  genes  involved  in  estrogen  signaling,  inflammatory  response,  and  apoptosis.  {A-C)  Estrogen  signaling  pathways  are  shown  in  green,  apoptosis- 
related  pathways  are  shown  in  red,  and  inflammatory  pathways  are  shown  in  blue. 
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Fig.  S4.  Genes  verified  by  qPCR  to  show  differential  expression  in  5C  cells  compared  with  WS8  and  2A  cells.  Cells  were  treated  with  or  without  10  ^  M  E2  for 
72  h.  RNA  expression  levels  of  the  indicated  genes  were  determined  by  real-time  qPCR.  Data  shown  represent  quadruplicates  and  associated  SDs. 
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Fig.  S5.  Discussed  apoptotic  genes  that  did  not  meet  the  requirements  for  significance  as  differentially  expressed  over  time  in  5C  cells  compared  to  WS8  and  2A  cells. 
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Fig.  S6.  Quality  control  of  estrogen-dependent  MCF-7:WS8  RNA  samples  used  for  microarray  studies  by  measuring  markers  of  estrogen  response  (A)  TFF1/ 
pS2  mRNA  and  {B)  MYC  mRNA.  RNA  expression  levels  were  determined  by  real-time  qPCR.  Data  shown  represent  triplicates  and  associated  SDs.  Only  samples 
that  passed  quality  control  are  shown. 
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Fig.  S7.  Quality  control  of  estrogen  deprivation-resistant  and  apoptosis-refractory  MCF-7:2A  RNA  samples  used  for  microarray  studies  by  measuring 
markers  of  estrogen  response  (A)  TFF1/pS2  mRNA  and  {B)  MYC  mRNA.  RNA  expression  levels  were  determined  by  real-time  qPCR.  Data  shown  represent 
triplicates  and  associated  SDs.  Only  samples  that  passed  quality  control  are  shown. 
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Fig.  S8.  Quality  control  of  estrogen  deprivation-resistant  and  apoptosis-sensitive  MCF-7:5C  RNA  samples  used  for  microarray  studies  by  measuring  markers  of 
estrogen  response  {A)  TFF1/pS2  mRNA  and  {B)  MYC  mRNA.  RNA  expression  levels  were  determined  by  real-time  qPCR.  Data  shown  represent  triplicates  and 
associated  SDs.  Only  samples  that  passed  quality  control  are  shown. 
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breast  cancer  research  and  treatment  - 
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ABSTRACT  V.  Craig  Jordan  is  a  pioneer  in  the  molecular  pharmacology  and  therapeutics  of  breast 
cancer.  As  a  teenager,  he  wanted  to  develop  drugs  to  treat  cancer,  but  at  the  time  in  the  1960s,  this 
was  unfashionable.  Nevertheless,  he  saw  an  opportunity  and  through  his  mentors,  trained  himself 
to  re-invent  a  failed  "morning-after  pill"  to  become  tamoxifen,  the  gold  standard  for  the  treatment 
and  prevention  of  breast  cancer.  It  is  estimated  that  at  least  a  million  women  worldwide  are  alive 
today  because  of  the  clinical  application  of  Jordan's  laboratory  research.  Throughout  his  career, 
he  has  always  looked  at  "the  good,  the  bad  and  the  ugly"  of  tamoxifen.  He  was  the  first  to  raise 
concerns  about  the  possibility  of  tamoxifen  increasing  endometrial  cancer.  He  described  selective 
estrogen  receptor  modulation  (SERM)  and  he  was  the  first  to  describe  both  the  bone  protective 
effects  and  the  breast  chemopreventive  effects  of  raloxifene.  Raloxifene  did  not  increase  endome¬ 
trial  cancer  and  is  now  used  to  prevent  breast  cancer  and  osteoporosis.  The  scientific  strategy  he 
introduced  of  using  long  term  therapy  for  treatment  and  prevention  caused  him  to  study  acquired 
drug  resistance  to  SERMs.  He  made  the  paradoxical  discovery  that  physiological  estrogen  can  be 
used  to  treat  and  to  prevent  breast  cancer  once  exhaustive  antihormone  resistance  develops.  His 
philosophy  for  his  four  decades  of  discovery  has  been  to  use  the  conversation  between  the  labo¬ 
ratory  and  the  clinic  to  improve  women's  health. 

KEYWORDS:  tamoxifen,  raloxifene,  acquired  antihormone  resistance,  estrogen,  nonsteroidal  antiestrogen, 
selective  estrogen  receptor  modulator  (SERM),  estradiol-induced  apoptosis 


The  past  is  never  dead.  It  is  not  even  the  past. 

William  Faulkner 

Tamoxifen,  originally  classified  as  a  nonsteroidal  antiestrogen 
but  now  known  as  the  first  selective  estrogen  receptor  modula¬ 
tor  (SERM),  is  a  pioneering  medicine  that  for  more  than  twenty 
years  was  the  gold  standard  for  the  adjuvant  treatment  of  breast 
cancer  in  pre  and  postmenopausal  patients  with  estrogen  receptor 
(ER)-positive  tumors  (Jordan,  2003).  Millions  of  women  continue 
to  live  longer  and  healthier  lives  because  of  tamoxifen  treatment. 
Tamoxifen  is  also  a  pioneering  medicine,  as  it  is  the  first  drug  to 
be  approved  in  the  United  States  of  America  by  the  Food  &  Drug 
Administration  (FDA)  for  the  reduction  of  the  incidence  of  breast 
cancer  in  high  risk  pre  and  postmenopausal  women  (Jordan,  2007). 

Craig  Jordan  grew  up  with  a  passion  for  chemistry,  but  was 
specifically  intrigued  by  the  prospect  of  using  organic  chemistry 
to  design  drugs  to  treat  cancer.  At  the  age  of  thirteen,  his  mother 
allowed  him  to  convert  his  bedroom  into  a  chemistry  laboratory. 


where  he  often  got  into  difficulties  during  his  experiments,  either 
setting  the  curtains  on  fire  as  a  rather  over  reactive  experiment  was 
being  thrown  out  of  the  window,  or  destroying  the  lawn  outside. 
However,  he  did  convince  his  mother  that  by  using  the  chemistry 
of  fertilizers,  he  could  re-grow  the  lawn  again,  but  when  he  did, 
it  came  out  an  interesting  shade  of  blue!  Craig  had  a  passion  for 
teaching,  and  the  chemistry  and  biology  teachers  at  his  school, 
Moseley  Hall  Grammar  School  in  Cheadle,  Cheshire,  England  al¬ 
lowed  him  to  have  a  laboratory  to  teach  biochemistry.  It  was  these 
same  teachers  who  convinced  his  parents  that  he  should  apply 
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ASGO,  American  Society  of  Clinical  Oncology;  GEE,  conjugated  equine  estrogen, 
DES,  diethylstilbestrol;  DMBA,  dimethylbenzanthracene;  EBGTGG,  Early  Breast 
Cancer  Trialists’  Collaborative  Group;  ECOG,  Eastern  Cooperative  Oncology 
Group;  ER,  estrogen  receptor;  EDA,  Eood  &  Drug  Administration;  ICI,  Imperial 
Chemical  Industries;  SERM,  selective  estrogen  receptor  modulator;  STAR,  Study 
of  Tamoxifen  and  Raloxifene;  TGEa,  transforming  growth  factor  alpha;  WEEB, 
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Fig.  1.  Before  the  ceremony  for  the  degree  of  Doctor  of  Medicine  ho¬ 
noris  causa  at  Leeds  University  on  the  18th  of  July,  2001.  Dr.  Edward 
R.  Clark,  my  PhD  supervisor  (1969-1972)  (left)  and  Dr  Ronnie  Kaye,  Head 
of  my  degree  course  (1965-1969)  (center),  formally  from  the  Department 
of  Pharmacology,  University  of  Leeds,  England,  lam  on  the  right  side  with 
my  signature  glass  of  Burgundy. 

to  university.  By  contrast,  Craig  was  more  content  with  the  idea  of 
becoming  an  organic  chemistry  technician  at  the  research  labo¬ 
ratories  of  Imperial  Chemical  Industries  (ICI)  near  where  he  lived. 

Craig  was  given  an  opportunity  for  interview  at  only  one 
university  (Leeds  University,  West  Yorkshire,  England),  but  he 
succeeded  in  convincing  the  two  faculty  interviewers.  Dr.  Ron¬ 
nie  Kaye  and  Dr.  Edward  Clark,  that  he  should  have  a  chance  in 
the  Pharmacology  Department.  Years  later,  Craig  found  out  that 
the  reason  he  was  given  an  interview  was  that  they  had  been 
intrigued  at  the  Headmaster’s  letter,  which  stated  the  candidate 
was  “an  unusual  young  man”  and  then  repeated  the  statement  in 


capitals.  On  July  18  2001 ,  Craig  received  the  first  honorary  Doctor 
of  Medicine  degree  from  the  University  of  Leeds  for  humanitarian 
research  that  has  changed  healthcare.  The  citation,  presented  by 
the  Chancellor  Lord  Meivyn  Bragg,  starts:  “Craig  Jordan  is  one  of 
the  most  distinguished  medicai  scientists  of  the  iast  one  hundred 
years.” He  was  delighted  to  be  able  to  invite  Drs.  Clark  and  Kaye 
to  the  luncheon  and  the  ceremony  (Fig.  1).  These  were  the  two 
individuals  who  talent  spotted  Craig;  Dr.  Kaye  was  his  tutor  for  his 
four  years  as  an  undergraduate,  and  Dr.  Clark  persuaded  him  to 
become  a  graduate  student  armed  with  the  last  available  Medi¬ 
cal  Research  Council  studentship  in  the  United  Kingdom  for  the 
year  1969  (Fig.  2).  Someone  had  declined  their  studentship,  thus 
allowing  Craig  to  do  a  Ph.D!  Dr.  Clark’s  project,  that  Craig  found 
so  attractive,  was  the  prospect  of  extracting  the  estrogen  receptor 
(ER)  from  the  rodent  uterus,  purifying  it  and  then  crystallizing  the 
ER  protein  with  an  estrogen  and  a  nonsteroidal  antiestrogen.  The 
x-ray  crystallography  would  be  completed  at  the  Astbury  Depart¬ 
ment  of  Biophysics  at  the  University  of  Leeds  and  all  the  work  was 
estimated  to  take  the  three  years  of  the  scholarship.  At  that  time, 
the  nonsteroidal  antiestrogens  had  failed  to  fulfill  their  promise 
in  the  pharmaceutical  industry  as  “morning-after  pills”;  they  were 
perfect  in  rats,  but  in  women  they  did  exactly  the  opposite  and 
enhanced  fertility  by  inducing  ovulation. 

The  project  in  crystallizing  the  ER  did  not  go  as  planned, 
so  he  rapidly  changed  his  topic  with  a  new  title:  “A  study  of  the 
oestrogenic  and  anti-oestrogenic  activities  of  some  substituted 
triphenylethylenes  and  triphenylethanes”  (Fig.  3).  This  was  a 
good  strategic  research  choice,  as  no  one  has  yet  succeeded  in 
crystallizing  the  whole  ER  with  either  an  estrogen  or  antiestrogen. 
But  further  difficulties  were  to  arise  in  Craig’s  journey  to  a  career 
in  cancer  research. 

As  a  PhD  student,  Craig  was  talent  spotted  for  an  immediate 
tenure  track  faculty  position  because  of  his  skill  as  a  lecturer.  He 
had  no  publications  and  his  PhD  topic  was  going  nowhere.  No  one 
was  recommending  careers  in  failed  contraceptives!  During  the 
interview  with  the  University  Committee  charged  with  making  the 
appointment,  he  was  told  that  he  would  have  to  go  to  America  to 
get  his  BTA  (been  to  America)  before  he  could  start  the  job.  First, 
however,  he  had  to  get  a  PhD,  and  to  do  that,  it  had  to  be  exam¬ 
ined.  However,  the  University 
could  find  no  one  in  the  country 
qualified  for  the  task.  Sir  Charles 
Dodds,  the  discoverer  of  the 
synthetic  estrogen,  diethylstil- 
bestrol  (DES),  declined  with 
regrets  as  he  had  not  kept  up 
with  the  literature  for  the  past 
twenty  years!  But  here  is  where 
luck  and  chance  take  control. 
He  was  in  the  right  place  at  the 
right  time  and  by  meeting  the 
right  people,  changed  medicine. 

Dr.  Arthur  Walpole  was  Head 
of  the  Fertility  Control  Program 
at  ICI’s  Pharmaceuticals  Divi¬ 
sion  and  a  personal  friend  of 
the  Chairman  of  Craig’s  Phar¬ 
macology  Department.  The 
University  reluctantly  accepted 


Fig.  2. 1  always  love  dressing  up!  The  University  of  Leeds  is  my  alma  mater,  and  I  have  attended  four  ceremonies 
there:  [A)  Bachelor  of  Science,  Eirst  Class  Honours  (1969),  (B)  Doctor  of  Philosophy  (1973),  (C)  Doctor  of  Science, 
earned  by  examination.  A  select  Committee  evaluated  my  refereed  publications  to  establish  my  contribution  to 
Science  (1985)  and  (D)  Honorary  Doctor  of  Medicine  for  humanitarian  research  (2001). 
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Fig.  3.  My  first  publicity  photograph  during  the  time  that  I  was  a  PhD  student  at  the 
Department  of  Pharmacology,  University  of  Leeds,  England  (1969-1972).  It  was  necessary 
as  I  had  been  selected  as  the  Medical  Research  Council's  student  representative  to  the  Nobel 
Prize  Winner's  Meeting  in  Lindau,  Germany  in  1972. 1  am  examining  cells  from  mouse  vaginal 
smears;  big  science.  Also  shown  is  my  PhD  that  nobody  wanted  to  examine! 


Dr.  Walpole  (despite  the  fact  that  he  was  from 
industry!)  to  be  Craig’s  examiner  and  he  was  also 
able  to  organize  a  two  year  visit  to  the  Worcester 
Foundation  for  Experimental  Biology  (WFEB)  in 
Shrewsbury,  Massachusetts  to  study  with  Dr. 

Michael  Harper  on  new  methods  of  contracep¬ 
tion.  Harper  and  Walpole  had  completed  all  the 
early  work  on  ICI  46,474  as  a  contraceptive  at  ICI 
Pharmaceuticals  in  the  early  1 960’s.  Craig  vividly 
remembers  the  transatlantic  telephone  call  with 
Dr.  Harper:  “Can  you  come  in  September?”,  “Will 
$12,000  a  year  be  enough?”  and  “Will  you  work 
on  prostaglandins?”  “Yes,  yes,  yes”  he  replied 
and  went  off  to  the  library  to  find  out  what  pros¬ 
taglandins  were!  But  when  he  got  to  the  WFEB 
in  September  1972,  he  was  told  that  Dr.  Harper 
had  gone  to  Geneva  to  be  Head  of  Contraception 
Research  at  the  World  Health  Organization.  Craig 
was  told  to  sit  down,  write  up  what  he  would  do  for 
the  next  two  years  and  organize  his  own  labora¬ 
tory.  He  was  now  an  independent  investigator. 

A  phone  call  to  Dr.  Walpole  explained  his  di¬ 
lemma  at  the  WFEB  but  he  felt  that  there  was  an 
opportunity  for  the  failed  morning-after  pill,  ICI  46,474  to  be  used 
for  the  treatment  of  breast  cancer.  This  call  was  rewarded  by  Dr. 
Walpole  arranging  for  funding  and  contacts  with  Ms.  Lois  Trench  at 
ICI  America  for  Craig  to  conduct  the  translational  research  on  the 
drug  that  would  become  tamoxifen.  As  an  independent  Investigator, 
the  research  funding  from  ICI  was  an  unrestricted  research  grant, 
but  as  Craig  was  not  a  cancer  research  scientist  and  he  was  at 
WFEB,  the  home  of  the  oral  contraceptive,  what  was  the  first  step 
to  be?  Again,  what’s  important  is  who  you  meet.  After  the  National 
Cancer  Act  in  1971,  the  WFEB  Director  had  made  the  decision 
to  bring  a  cancer  research  specialist  onto  the  Board  of  Scientific 
Advisors  to  help  with  future  funding  opportunities  in  hormones 
and  cancer  research.  Dr.  Elwood  Jensen  was  the  Director  of  the 
Ben  May  Laboratory  for  Cancer  Research  in  Chicago,  Illinois  and 
was  credited  with  the  translational  research  where  he  described 
the  ER  in  immature  rat  estrogen  target  tissues  and  then  used 
this  knowledge  to  propose  a  test  for  the  hormone  dependency  of 
metastatic  breast  cancers.  Simply  stated,  if  the  ER  is  absent  in 
the  tumor,  the  patient  was  unlikely  to  respond  to  endocrine  abla¬ 
tion  (oophorectomy,  adrenalectomy  or  hypophysectomy),  but  if 
the  tumor  was  ER-positive,  there  was  a  high  probability  that  the 
tumor  would  respond  to  estrogen  withdrawal.  It  was  a  practical 
test  to  avoid  morbidity  from  unnecessary  operations  that  require 
hospitalization. 

Craig  spent  the  day  with  Dr.  Elwood  Jensen  in  November  1 972 
and  told  him  what  he  wanted  to  do  with  ICI  46,474.  Craig  subse¬ 
quently  traveled  to  the  Ben  May  Laboratory  for  Cancer  Research 
to  be  taught  techniques  of  ER  analysis  and  to  learn  all  about  the 
dimethylbenzanthracene  (DMBA)  rat  mammary  carcinoma  model 
and  then  to  Dr.  Bill  McGuire’s  laboratory  in  San  Antonio,  Texas  to 
learn  complementary  analytical  methods  for  the  ER.  Armed  with 
these  techniques  and  resources  from  ICI  throughout  the  1 970s  (his 
first  decade  of  discovery),  he  created  the  laboratory  principles  of 
targeting  the  tumor  ER  and  advocating  the  use  of  long  term  adju¬ 
vant  tamoxifen  therapy  as  the  appropriate  clinical  strategy  to  save 
lives  (Fig.  4)  (Jordan  and  Koerner  1975;  Jordan  and  Allen  1980). 


This  proposition  by  Craig  was  not  at  all  popular,  as  throughout  the 
1970s  and  1980s  in  the  United  Kingdom,  it  was  strongly  believed 
there  was  no  correlation  between  tamoxifen  use  and  the  presence 
of  the  ER  in  breast  tumors.  Additionally  nobody  was  interested  in  a 
new  antihormone  therapy,  as  combination  cytotoxic  chemotherapy 
was  king.  It  was  going  to  cure  cancer.  However,  Craig  persevered 
and  had  the  courage  of  his  convictions  that  his  laboratory  research 
would  save  lives.  As  it  turned  out,  tamoxifen  has  probably  saved 
more  lives  than  any  other  cancer  therapeutic  drug. 

Craig  also  learned  an  important  lesson  at  the  WFEB  around 
the  time  he  was  to  leave  and  return  to  Leeds.  A  Senior  Scientist 
at  the  WFEB,  Dr.  Eliahu  Caspi,  invited  Craig  to  his  office  for  an 
interview  to  explore  the  possibility  of  Craig  staying  at  the  WFEB. 
Craig  recalls  this  was  a  very  frightening  experience,  for  Dr.  Caspi 
had  a  no-nonsense  personality,  judged  people  and  said  what  he 
thought.  He  stated  that  he  had  been  asked  to  evaluate  my  C.V., 
as  everybody  was  of  the  opinion  that  I  would  be  a  useful  asset 
at  the  WFEB.  He  stared  at  Craig  across  the  desk  and  said,  “You 
don’t  have  a  C.V.,  as  you  have  no  publications.” After  the  initial 
shock,  Craig  responded,  “But  I  haven’t  discovered  anything  yet.” 
The  advice  Craig  received  was  some  of  the  best  advice  he  had 
received  thus  far  in  his  career.  He  was  told  “to  tellthenn  the  story  so 
far  and  link  together  several  related  publications  to  create  a  theme.  ” 
Craig  has  done  this  ever  since,  creating  the  theme  of  tamoxifen. 
In  1998,  with  the  release  of  the  successful  chemoprevention  trial 
with  tamoxifen,  Craig  was  referred  to  as  the  “Father  of  Tamoxifen” 
by  the  Chicago  Tribune,  a  title  that  has  stuck  to  this  day. 

Although  many  people  published  using  tamoxifen  in  their  studies 
as  a  laboratory  tool  or  used  it  in  the  1 960s  in  reproduction  research, 
Craig’s  focus  from  the  outset  was  clear;  the  goal  was  to  develop 
a  medicine  for  the  treatment  and  prevention  of  breast  cancer  (he 
conducted  the  first  chemopreventive  study  in  the  laboratory  in 
1974  [Jordan,  1976],  three  years  before  the  drug  was  approved 
by  the  FDA  for  the  treatment  of  metastatic  breast  cancer  in  post¬ 
menopausal  women).  Craig  stresses  that  but  for  the  unrestricted 
support  from  ICI,  meeting  the  right  people  and  his  uncompromising 
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Fig.  4.  The  Imperial  Chemical  Industries  (ICI)  Pharmaceuticals  Meet¬ 
ing  at  King's  College,  Cambridge  in  the  summer  of  1977  The  goal  of 
the  meeting  was  physician  education  about  research  being  done  with 
tamoxifen.  This  was  the  first  time  i  presented  in  public  my  ideas  about 
targeting  the  tumor  estrogen  receptor  and  using  long  term  treatment  with 
tamoxifen  as  the  best  strategy  to  be  applied  to  adjuvant  therapy  (Jordan 
V.C.  ,  1978.  Reviews  on  Endocrine-related  Cancer  49-55).  However,  the 
major  presentation  that  made  everything  change  clinically  was  in  Arizona 
in  1979  (Jordan,  1979).  In  the  above  picture,  Michael  Baum  (right),  was 
the  Chair  of  the  session  at  King's  College  and  stated  that  they  had  plans 
to  use  two  years  of  tamoxifen  as  an  adjuvant  therapy  (on  a  hunch).  Helen 
Stewart  (left),  was  considering  starting  a  pilot  trial  in  Scotland  using  five 
years  of  adjuvant  tamoxifen  for  the  treatment  of  patients.  For  the  placebo 
arm,  patients  would  be  treated  with  tamoxifen  at  first  recurrence.  If  toxicity 
was  acceptable,  they  would  move  forward  to  test  the  idea  of  early  long 
term  treatment  or  late  treatment  at  first  recurrence.  Both  trials  showed 
survival  advantages  for  long  term  adjuvant  tamoxifen.  The  week  after  the 
King's  College  Meeting,  I  was  at  the  University  of  Wisconsin  at  their  Com¬ 
prehensive  Cancer  Center  to  convince  clinicians  of  the  Eastern  Cooperative 
Oncology  Group  (ECOG)  that  longer  was  going  to  be  better.  At  the  time, 
tamoxifen  was  not  on  the  market  in  America  but  I  was  talent  spotted  by 
Paul  Carbone,  the  Head  of  ECOG  and  the  Director  of  the  Comprehensive 
Cancer  Center,  to  be  recruited  to  the  University  of  Wisconsin,  Department 
of  Human  Oncology.  Eventually,  I  would  be  the  Director  of  their  Breast 
Cancer  Research  and  Treatment  Program. 


determination  (many  referred  to  this  at  the  time  as  poor  career  judg¬ 
ment),  tamoxifen  would  probably  not  have  happened.  Scientists  at 
ICI  did  not  conduct  any  studies  with  the  drug  as  an  antitumor  agent. 
Indeed,  in  late  1972,  all  of  the  data  with  ICI  46,474  was  reviewed 
and  the  Research  Director  terminated  clinical  trials  and  stopped  the 
development  project.  The  Marketing  Department  had  decided  that 
a  treatment  for  metastatic  breast  cancer  was  not  going  to  generate 
sufficient  revenue. 

Arthur  Walpole  was  towards  the  end  of  his  career  and  chose  to 
take  early  retirement,  but  only  agreed  to  remain  an  employee  if  funds 
could  be  given  to  a  young  man  he  had  met,  Craig  Jordan,  who  (as 
he  did)  wanted  to  turn  ICI  46,474  into  a  drug  to  treat  breast  cancer. 
Walpole  and  Craig  subsequently  worked  together  on  an  ICI/University 
joint  research  scheme  when  Craig  returned  as  Lecturer  in  the  De¬ 
partment  of  Pharmacology  at  the  University  of  Leeds  in  September 
1 974.  Earlier  in  his  career.  Dr.  Walpole  was  an  accomplished  cancer 
research  scientist,  but  had  not  been  allowed  to  work  in  this  area  by 
ICI  because  fertility  control  was  considered  to  be  potentially  more 
lucrative  (Jordan,  1 988).  Dr.  Walpole  died  suddenly  on  July  2, 1 977 
before  he  could  witness  the  success  of  Craig’s  laboratory  strategy 
for  the  treatment  and  prevention  of  breast  cancer. 

The  clinical  development  of  tamoxifen  was  very  progressive 
and  validated  all  your  assumptions.  Could  you  tell  us  how 
you  were  involved  in  the  clinical  evaluation  and  how  you 
convinced  the  company  to  invest  in  what  may  have  been  very 
challenging  trials? 

I  think  it’s  fair  to  say  that  this  was  not  the  real  story,  but  the  real 
story  is  unbelievable.  I  have  always  considered  my  research  as 
being  a  conversation  between  the  laboratory  and  the  clinic,  and 
I  had  the  privilege  of  first  introducing  tamoxifen  to  clinical  trials’ 
organizations  in  America.  My  objective  was  to  provide  a  scientific 
rationale  for  the  clinical  studies  in  treatment  and  prevention.  My 
research  and  qualifications  were  required  to  obtain  approval  for 
tamoxifen  as  a  medicine  in  both  Japan  and  Germany,  and  I  was 
delighted  to  be  the  only  person  invited  from  outside  of  ICI  Phar¬ 
maceuticals  to  attend  a  celebration  in  1 977,  of  the  Queen’s  Award 
for  Technological  Achievement  for  tamoxifen.  The  surprising  part 
about  the  tamoxifen  story  is  that  although  patents  for  the  drug 
were  obtained  by  ICI  Pharmaceuticals  around  the  world,  in  the 
mid-  1960’s,  these  same  patents  were  denied  in  the  United  States 
of  America.  Thus,  all  of  the  work  I  was  completing  on  the  antitumor 
actions  of  tamoxifen  in  the  United  States  was  done  without  patent 
protection  for  ICI.  Looked  at  another  way,  it  was  clear  that  all  the 
other  pharmaceutical  companies  had  no  interest  in  the  clinical 
development  of  tamoxifen,  because  either  the  drug  was  not  going 
to  work  very  well  or  not  generate  enough  revenue.  But  it  was  my 
clinical  strategy  of  long  term  adjuvant  therapy  that  saved  lives  and 
made  revenues  (Jordan,  2008  a).  Clinical  testing  went  ahead  and 
when  the  patents  expired  in  the  rest  of  the  world,  ICI  was  awarded 
the  patent  for  the  use  of  tamoxifen  in  the  treatment  of  breast  cancer 
in  1985,  but  back  dated  to  the  original  patent  application  in  1965. 
Now,  extended  adjuvant  therapy  was  the  practical  solution  for  ef¬ 
fective  treatment.  Thus,  for  the  next  twenty  years,  ICI  was  able  to 
generate  enormous  revenues  in  the  United  States,  as  tamoxifen 
was  the  standard  of  care  for  long  term  adjuvant  tamoxifen  therapy 
and  the  only  game  in  town.  This  money  catalyzed  the  advent  of  ICI 
marketing  antiandrogens  for  prostate  cancer  and  the  aromatase 
inhibitors  for  breast  cancer. 
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Watching  your  scientific  activity  since  the  beginning,  you  ai- 
ways  seem  fascinated  by  the  deveiopment  of  smaii  moiecuies 
since  their  conception  up  to  their  deveiopment.  is  that  what 
gives  you  much  fun  in  your  work? 

I  absolutely  love  experiments  involving  the  structure  function 
relationships  of  the  antiestrogens.  My  basic  scientific  research 
has  been  to  create  models  of  gene  modulation  or  replication  to 
determine  the  structure  of  the  ER  antiestrogen  complex  that  sub¬ 
sequently  could  be  interrogated.  This  passion  resulted  in  a  whole 
series  of  publications  focused  on  the  modulation  of  the  prolactin 
gene  (Lieberman,  etal.,  1983  a,  b;  Jordan  and  Lieberman,  1984) 
which  then  went  through  a  metamorphosis  to  study  the  modulation 
of  the  SERM  ER  complex  and  the  way  that  the  ligand  can  interact 
with  specific  amino  acids,  thereby  switching  on  or  switching  off 
the  complex  at  target  genes  (Wolf  and  Jordan,  1 994).  We  actually 
found  the  only  natural  mutation  of  the  human  ER  in  a  laboratory 
model  of  tamoxifen-stimulated  tumor  growth.  We  engineered  the 
mutant  ER  into  ER-negative  breast  cancer  cells  and  found  it  would 
make  the  antiestrogen,  raloxifene,  an  estrogen  at  the  transforming 
growth  factor  alpha  (TGFa)  target  gene.  For  me,  this  was  important 
as  one  amino  acid  in  the  ER  could  change  the  pharmacology  of 
raloxifene.  In  other  words,  this  provided  a  fascinating  insight  into 
the  relationship  of  the  antiestrogenic  side  chain  and  a  specific 
amino  acid  at  the  surface  of  the  ER  protein  (Levenson  and  Jordan, 
1998;  MacGregor-Schafer,  etal.,  2000;  Liu  et al.,  2001, 2002). 

Do  you  think  that  a  drug  may  have  a  commercial  future  in  the 
chemoprevention  of  cancer? 

As  you  know,  we  have  made  enormous  progress  with  advancing 
the  failed  breast  cancer  drug,  raloxifene,  and  millions  of  women 
are  now  benefiting  from  its  use  for  the  treatment  of  osteoporosis, 
but  with  a  reduction  in  breast  cancer  incidence  at  the  same  time. 
This  is  the  practical  reality  of  our  early  translational  research 
completed  at  the  University  of  Wisconsin  in  the  second  decade 
of  discovery  (1980s).  The  “Tamoxifen  Team”  discovered  selective 
estrogen  receptor  modulation  and  tamoxifen  and  raloxifene  were 
both  now  classified  as  SERMs  (Jordan,  2001).  But  the  realization 
that  tamoxifen  could  not  possibly  have  widespread  use  because  it 
increases  the  risk  (though  this  is  very  small)  of  endometrial  cancer 
in  postmenopausal  women  (Gottardis  etal.,  1 988),  naturally  guided 
us  to  our  new  SERM  strategy  in  the  late  1980s.  We  discovered 
that  SERMs  maintain  bone  density  (Jordan  et  al.,  1987)  and 
therefore  could  potentially  prevent  osteoporosis  with  the  beneficial 
antiestrogenic  side  effect  of  preventing  breast  cancer  (Gottardis 
and  Jordan,  1 987).  We  had  solid  translational  research,  as  we  had 
found  that  tamoxifen  built  bone  both  in  the  laboratory  (Jordan  et 
al.,  1987)  and  in  clinical  trial  (Love  etal.,  1992).  Raloxifene  has  a 
better  safety  profile  and  does  not  increase  the  risk  of  endometrial 
cancer  (Cummings  et  al.,  1999),  but  it  does  not  reduce  the  risk 
of  coronary  heart  disease.  I  think  the  new  SERM,  lasofoxifene 
(Cummings  etal.,  2010),  is  very  good,  as  it  prevents  osteoporosis, 
breast  cancer,  coronary  heart  disease  and  strokes,  but  without  an 
increase  of  endometrial  cancer.  The  problem  is  how  to  advance  in 
a  crowded  market  with  low  budgets  for  marketing.  Lasofoxifene  is 
approved  but  not  marketed  in  the  European  Union. 

No  molecule  targeting  estrogen  receptor  has,  to  date,  proved 
to  be  more  efficient  than  tamoxifen  in  patients  despite  the  de¬ 
velopment  of  a  number  of  promising  compounds.  How  do  you 


expiain  that?  Was  it  a  choice  of  the  pharmaceutical  industry 
because  of  the  cost  of  the  development  of  such  a  compound? 

The  issue  with  tamoxifen  is  unique.  It  was  clearly  lucky  that 
tamoxifen  had  an  acceptable  toxicology  profile  for  the  treatment 
of  cancer.  It  came  onto  the  market  at  a  time  when  the  standard 
of  care  was  combination  cytotoxic  chemotherapy,  so  tamoxifen 
looked  good  to  patients.  Tamoxifen  was  not  supposed  to  succeed, 
but  advanced  from  strength  to  strength  for  twenty  years.  However, 
things  change  very  rapidly  in  the  arena  of  patient  preference.  In  the 
early  1 990s,  when  tamoxifen  was  being  considered  for  testing  as  a 
chemopreventive  and  the  specter  of  endometrial  cancer  translated 
from  the  laboratory  (Gottardis  etal.,  1988)  to  clinical  practice,  this 
was  clearly  not  good  news  for  well  women.  Worse  still,  tamoxifen 
was  found  to  produce  DNA  adducts  in  rat  liver  and  initiate  rat  liver 
hepatocarcinogensis  (Jordan,  1995).  Although  liver  tumors  did 
not  translate  to  clinical  practice,  this  did  not  lessen  concern,  as 
the  drug  ended  up  with  a  black  box  label  as  a  human  carcinogen. 
Timing  is  everything  with  discovery  and  competitors  could  never 
catch  up  with  clinical  testing,  despite  the  fact  they  may  have  been 
safer.  We  will  never  know. 

To  demonstrate  that  natural  or  synthetic  molecules  can  prevent 
the  occurrence  of  cancer  is  long  and  expensive.  This  raises 
the  question  of  the  iife  of  the  patents  but  aiso  the  naturai 
moiecuies,  which  may  not  be  patentabie.  Do  you  think  there 
may  be  soiutions  to  these  probiems? 

I  think  it’s  currently  impossible  to  find  a  solution  to  this  dilemma. 
Clearly,  the  pharmaceutical  industry  will  never  advance  with 
twenty  year  studies  because  the  patents  will  run  out.  But  here  is 
a  controversial  point:  the  success  of  health  care  has  now  created 
the  situation  of  increased  longevity,  so  that  drugs  that  enhance 
survival  through  prevention  can  only  make  matters  worse.  What 
is  society  to  do?  How  does  society  find  the  resources  to  support 
an  aging  population? 

You  have  developed  recently  a  very  provocative  approach 
using  estrogens  for  the  treatment  of  breast  cancers.  This  can 
be  considered  as  a  paradoxicai  use  of  estrogens?  Couid  you 
explain  to  us  a  iittie  bit  about  that. 

The  third  and  fourth  decades  have  been  a  wonderful  surprise  in 
our  journey  of  discovery.  We  posed  the  question  (based  upon  the 
clinical  acceptance  of  long  term  antihormonal  therapy  (Jordan,  2008 
a)  as  the  most  appropriate  adjuvant  treatment  for  breast  cancer): 
what  is  the  mechanism  and  the  timeframe  for  acquired  antihormone 
resistance?  Our  first  model  clearly  showed  something  unique  as 
far  as  drug  resistance  is  concerned— SERM-stimulated  growth, 
something  that  is  not  seen  with  any  other  drug  in  cancer  therapy 
(Gottardis  and  Jordan,  1 988).  This  form  of  resistance  occurred  within 
a  year  or  two  and  was  consistent  with  the  development  of  acquired 
resistance  to  tamoxifen  in  metastatic  breast  cancer.  However,  here 
was  the  dilemma:  this  model  did  not  replicate  the  outstanding 
success  observed  with  five  years  of  adjuvant  tamoxifen  treatment 
(Early  Breast  Cancer  Trialists’  Collaborative  Group  (EBCTCG), 
2011).  In  fact,  five  years  of  treatment  continues  to  enhance  de¬ 
creases  in  mortality  for  more  than  a  decade  once  tamoxifen  is 
stopped.  By  a  series  of  lucky  accidents,  one  of  my  students  (Doug 
Wolf)  discovered  that  physiologic  estrogen  could  cause  dramatic 
tumor  regression  after  five  years  of  tamoxifen  treatment,  i.e.  serial 
transplantation  of  tamoxifen-resistant  tumors  into  generations  of 
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Fig.  5.  The  Diana,  Princess  of  Wales 
Chair  of  Cancer  Research.  In  June 
1996,  Diana,  the  Princess  of  Wales 
visited  Chicago  for  three  days  and  we 
first  met  (A)  at  the  evening  reception 
at  the  home  of  the  President  of  North¬ 
western  University,  Henry  Bienen.  The 
Chair  was  anonymously  endowed  at  the 
Robert  H.  Lurie  Comprehensive  Cancer 
Center  after  Diana's  untimely  death  on 
August  31,  1997.  I  was  inaugurated  on 
October  23,  1999,  being  presented 
with  a  unique  Professorial  medal  (B) 
with  copies  being  sent  to  her  sons 
Prince  William  and  Harry  and  also  kept 
by  my  daughters,  Helen  and  Alexandra. 
My  students  presented  me  with  an 
engraved  sword  (C)  to  commemorate  the  event  and  their  names  and  the  dates  of  the  award  of  their  PhD  degrees  are  engraved  on  the  scabbard  (D). 


tamoxifen-treated  mice  (Wolf  and  Jordan,  1993).  This  discovery 
reminded  me  of  the  words  of  Sir  Alexander  Haddow,  FRS  in  1970 
during  the  Inaugural  Karnofsky  Lecture  at  the  American  Society  of 
Clinical  Oncology  (ASCO):  “...the  extraordinary  extent  of  tumour 
regression  observed  in  perhaps  1%  of  post-menopausal  cases 
(with  oestrogen)  has  always  been  regarded  as  of  major  theoreti¬ 
cal  importance,  and  it  is  a  matter  for  some  disappointment  that 
so  much  of  the  underlying  mechanisms  continues  to  elude  us...” 
(Haddow,  1 970).  It  is  now  clear  that  aggressive  estrogen  depriva¬ 
tion  with  aromatase  inhibitors  or  SERMs  can  rapidly  re-configure 
breast  cancer  cells  through  an  evolution  of  drug  resistance,  which 
exposes  a  vulnerability  that  could  not  be  anticipated— physiologi¬ 
cal  estrogen  induced  apoptosis  (Yao,  2000;  Lewis  et  al.,  2005). 
When  Haddow  did  his  original  work  using  high  dose  DES  for  the 
treatment  of  metastatic  breast  cancer  in  women  during  their  late 
sixties  and  seventies,  the  best  therapeutic  results  occurred  the 
further  away  the  patient  was  from  the  menopause.  Antihormone 
therapy  accelerates  all  of  that  in  breast  cancer,  so  physiologic 
estrogen  can  initiate  the  same  triggering  mechanism.  Indeed,  this 
is  possibly  the  same  mechanism  that  is  occurring  in  the  Women’s 
Health  Initiative  (WHI)  by  conjugated  equine  estrogen  (CEE)  alone 
actually  produces  a  decrease  in  the  incidence  of  breast  cancer  in 
hysterectomized  postmenopausal  women  (La  Croix  etal.,  2011). 
What  is  particularly  interesting  about  these  data  is  the  six  years  of 
monitoring  after  CEE  is  stopped,  there  is  a  continued  reduction  in 
the  incidence  of  breast  cancer,  i.e.  the  estrogen  has  destroyed  the 
nascent  breast  cancer  cells  in  the  ducts  (Jordan  and  Ford,  2011). 
Our  current  laboratory  work  is  focused  entirely  on  deciphering  the 
molecular  mechanism  of  estrogen-induced  apoptosis  (Ariazi,  in 
press).  In  this  way,  we  may  find  the  vulnerability  triggered  by  the 
ER  estrogen  complex  for  cellular  destruction;  that  vulnerable  site 
in  the  cancer  cell  may  be  the  next  target  for  a  new  class  of  selec¬ 
tive  anticancer  agents  applicable  to  sites  other  than  breast  cancer. 

Your  contributions  to  medicine  have  received  a  iot  of  recogni¬ 
tion  (Tabie  1)  but  how  does  one  become  the  “Diana,  Princess 
of  Waies  Professor  of  Cancer  Research”?! 

Life  is  all  about  chance  meetings.  In  the  mid-1 990s,  I  was  invited 
to  organize  a  Breast  Cancer  Symposium  in  Chicago,  and  Diana 
was  my  Keynote  Speaker  (Fig.  5).  She  came  on  a  three  day  visit 
to  Northwestern  University  and  the  Robert  H.  Lurie  Comprehensive 


Cancer  Center.  Naturally,  it  was  a  very  special  time  and  when  she 
left  to  return  to  London,  we  agreed  to  correspond  and  I  sent  her 
copies  of  my  books  on  tamoxifen.  There  was  even  talk  of  a  return 
trip  for  either  her  or  Prince  William  or  Prince  Harry,  to  open  one 
of  our  new  research  buildings.  Regrettably,  everything  changed 
with  her  untimely  death  in  a  tragic  car  accident  in  Paris  on  August 
31 , 1 997.  An  anonymous  donation  was  subsequently  made  to  the 
Robert  H.  Lurie  Comprehensive  Cancer  Center,  and  with  letters 
from  Lady  Sarah  McCorquodale,  (her  sister)  and  the  Earl  Spencer 
(her  brother),  it  was  agreed  that  I  would  hold  a  Professorship  at 


TABLE  1 

AWARDS  &  HONORS 

St.  Gallen  International  Breast  Cancer  Prize  201 1 

Elected  to  the  National  Academy  of  Sciences,  USA  (Fig.  6)  2009 

Elected  Fellow  of  the  Academy  of  Medical  Sciences  (UK  equivalent  2009 

of  Inst.of  Medicine  in  the  US) 

Elected  Fellow  of  the  Society  of  Biology  (UK)  2009 

Honorary  Doctor  of  Medicine  Degree,  University  of  Crete,  Greece  2009 

39"^  David  A.  Karnofsky  Award,  ASCO  2008 

Honorary  Fellowship  of  the  Royal  Society  of  Medicine  (Fig.  7)  2008 

Honorary  Member  of  the  Royal  Pharmaceutical  Society  of  Great  2008 

Britain 

Gregory  Pincus  Award  and  Medal,  Worcester  Foundation  for  2007 

Biomedical  Research,  U.  Mass 

American  Cancer  Society  Award  for  Chemoprevention,  ASCO  2006 

Honorary  Doctor  of  Science  Degree,  University  of  Bradford,  England  2005 

Alfred  G.  Knudson  Jr.  Chair  in  Basic  Science,  Fox  Chase  Cancer  2004 

Center 

3'”'^  George  and  Christine  Sosnovsky  Award  in  Cancer  Therapy,  2003 

Royal  Society  of  Chemistry 

The  Kettering  Prize,  General  Motors  Cancer  Research  Foundation  2003 

Officer  of  the  Most  Excellent  Order  of  the  British  Empire  (OBE)  2002 

Services  to  International  Breast  Cancer  Research 

American  Cancer  Society  Medal  of  Honor  2002 

Inaugural  Dorothy  P.  Landon  AACR  Prize  in  Translational  Research  2002 

Bristol  Myers  Squibb  Award  for  Distinguished  Achievement  in  Cancer  2001 

Research 

Honorary  Doctor  of  Medicine  Degree,  University  of  Leeds  2001 

European  Institute  of  Oncology  Breast  Cancer  Therapy  Award  2001 

Honorary  Doctor  of  Science  Degree,  University  of  Massachusetts  2001 

Honorary  Faculty  Fellowship  Award,  University  College,  Dublin  2000 

Diana,  Princess  of  Wales  Professor  of  Cancer  Research,  Robert  H.  1999 

Lurie  Comprehensive  Cancer  Center 
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Northwestern  University  in  her  name.  Essentially,  it  was  my  British 
citizenship,  a  British  medicine  (tamoxifen),  and  our  meeting  and 
correspondence  that  was  important  to  the  family.  On  October  23, 
1 999,  the  Professorship  was  conferred  on  me  by  Henry  Bienen,  the 
President  of  Northwestern  University  and  over  a  two  day  period, 
there  was  a  Symposium  in  my  honor  by  my  former  PhD  students 
and  during  the  celebration  dinner,  attended  by  representatives 
from  the  British  Embassy,  Barry  Furr  (the  Chief  Scientist  from 
ICI),  family,  friends  and  colleagues,  my  students  presented  me 
with  an  engraved  sword  (Fig.  5)  with  each  of  the  dates  of  their 
Ph.D  engraved  on  the  scabbard  as  battle  honors— very  moving! 

You  have  contributed  more  than  600  research  and  review 
papers  to  the  iiterature  with  more  than  23,000  citations  and  an 
h-index  of  80.  if  you  had  to  seiect  ten  of  your  research  papers 
and  three  reviews,  which  wouid  they  be  and  why? 

Jordan  V.C.  (1976).  EurJ  Cancer  A  2\  419-424.  Literally  my  first 
cancer  research  paper  with  tamoxifen  that  was  rejected  in  1974, 
but  with  kind  and  generous  comments  from  one  of  the  reviewers. 
I  persevered  and  eventually  this  was  one  of  the  papers  from  my 
work  used  to  justify  the  chemoprevention  trials. 

Jordan  V.C.  and  Allen  K.E.  (1980).  Eur  J  Cancer  239-251. 
The  paper  makes  three  points:  1.  this  is  the  first  refereed  article 
that  longer  treatment  is  going  to  be  better  than  shorter  treatment; 
2.  ourdiscoveryof4-hydroxytamoxifen’s  pharmacology  indicating  it 
to  be  a  potent  antiestrogen  with  a  binding  affinity  for  ER  equivalent 
to  estradiols  (Jordan  etal.,  1977),  naturally  made  us  think  that  this 
would  be  a  more  powerful  anticancer  agent— not  true,  it  cleared  too 
quickly  and  3.  finally,  we  stated  that  antiestrogen  treatment  followed 
by  estrogen  deprivation  would  be  a  good  strategy  for  people —true. 

Gottardis  M.M.,  et  a/., 1988).  Cancer  Res  48:  812-815.  This 
was  the  paper  that  warned  the  clinical  community  that  tamoxifen 
could  potentially  increase  the  incidence  of  endometrial  cancer  in 
patients— true. 

Gottardis  M.M.  and  Jordan  V.C. 

(1988).  Car7cerRes48:5183-5187. 

This  was  the  first  report  that  ac¬ 
quired  drug  resistance  with  tamoxi¬ 
fen  was  unique  and  stimulated  by 
SERMs— true. 

Love  R.R.,  et  a/., 1992).  New 
EnglJMed326: 852-856.  This  was 
the  randomized  clinical  trial  based 
on  our  laboratory  evidence  and 
subsequently  those  of  others  that 
tamoxifen  would  maintain  bone  den¬ 
sity  in  people.  This  paper  opened 
the  door  to  raloxifene. 

Levenson  A.S.  and  Jordan  V.C. 

(1998).  Cancer Res58: 1872-1875. 

Aclean  demonstration  that  a  mutant 
ER  found  in  a  tamoxifen-stimulated 
tumor  by  a  previous  PhD  student 
(Doug  Wolf)  could  change  an  anti¬ 
estrogen  to  an  estrogen.  This  could 
be  done  by  a  natural  process. 

Cummings  S.R.,  et  a/., 1999). 

JAMA  281:  2189-2197.  Proof  of 
principle  that  the  concept  we  first 


articulated  back  in  the  late  1 980s  that  you  could  develop  a  SERM 
to  prevent  osteoporosis  and  prevent  breast  cancer  at  the  same 
time— true. 

Yao  K.,  et  al., 2000).  Clin  Cancer  Res  6:  2028-2036.  The 
first  refereed  publication  to  demonstrate  that  drug  resistance  to 
tamoxifen  evolves  and  exposes  a  vulnerability  to  permit  physiologic 
estrogen  to  cause  tumor  regression.  Subsequently  translated  to 
the  clinic— true. 

Vogel  V.G.,  et  a/., 2006).  The  Study  of  Tamoxifen  and  Raloxi¬ 
fene  (STAR):  Report  of  the  National  Surgical  Adjuvant  Breast  and 
Bowel  Project  P-2  Trial.  JAMA.  295:  2727-2741.  Two  discarded 
drugs  from  the  pharmaceutical  industry  that  were  re-invented  in 
the  same  pharmacology  laboratory  to  become  the  pioneering 
chemopreventive  agents  and  FDA-approved— true. 

Vogel  V.G.,  efa/.,2010).  Cancer  Prev  Res  3: 696-706.  A  follow- up 
of  the  trial  several  years  after  stopping  SERM  treatment,  confirmed 
the  predictions  of  one  of  my  PhD  students  (Marco  Gottardis)  in 
1987  that  tamoxifen  would  be  the  better  chemopreventive  in  the 
long  term. 

I’ve  always  viewed  an  invitation  to  write  a  review  article  from 
a  journal  as  a  wonderful  opportunity  to  project  your  personality, 
express  your  views  and  most  importantly,  reach  out  to  young 
scientists  and  graduate  students  as  theirs  is  the  future.  Here  are 
my  three  choices: 

Jordan  V.C.  (1984).  Pharm  Rev 36:  245-276.  This  was  my  first 
major  review  when  I  first  came  to  America.  No  one  had  really  treated 
the  topic  as  an  issue  in  pharmacology,  as  all  of  the  previous  reviews 
in  the  1 960s  and  1 970s  were  about  the  control  of  fertility.  I  wanted 
a  summary  of  the  mechanisms  of  action  of  antiestrogens.  It  was 
all  of  our  knowledge  up  to  that  point  (423  citations). 

Jordan  V.C.  (2006).  Br  J  Pharmacol  147:  S269-S276.  I  was 
thrilled  to  be  asked  by  the  British  Pharmacological  Society  to  write 
the  story  of  my  research  in  a  Special  Issue  of  our  Journal.  I  got 


Fig.  6.  Signing  the  "Great  Book"  of  Members  of  the  National  Academy  of  the  Sciences  USA  during 
the  Induction  Ceremony  on  April  24,  2010. 
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wonderful  feedback  from  students. 

JordanV.C.  (2009).  Cancer  Res.  69: 1243-1254. 1  was  proud  to 
be  asked  by  the  American  Association  for  Cancer  Research  (AACR) 
to  contribute  a  review  of  progress  in  hormone  dependent  tumors 
as  a  part  of  a  series  to  celebrate  the  100^^  anniversary  of  AACR. 

I  see  that  you  received  the  David  A.  Karnofsky  Award  in  2008 
from  ASCO,  but  it  is  stated  in  the  reguiations  for  the  Award  that 
it  is  given  in  “recognition  of  innovative  ciinicai  research  and 
deveiopments  that  have  changed  the  way  oncoiogists  think 
about  the  generai  practice  of  oncoiogy.”  You  are  a  iaboratory 
scientist  and  not  a  ciinician;  didn’t  this  surprise  you? 

When  I  received  the  telephone  call  from  the  Chair  of  the  Awards 
Committee,  Gabriel  Hortobagyi,  I  was  absolutely  dumbfounded, 
because  naturally,  I  knew  I  was  not  a  clinician!  All  previous  re¬ 
cipients  were  clinicians.  This  is  ASCO’s  highest  award,  and  I  was 
being  asked  to  join  the  legends  of  clinical  practice.  For  the  first 
fifteen  minutes  of  my  conversation  with  Gabriel,  I  examined  with 
him  every  reason  why  I  should  not  be  their  recipient.  After  fifteen 
minutes,  he  became  exasperated  and  said,  “Is  this  a  yes,  I  ac¬ 
cept?”  I  accepted  the  honor.  Apparently,  I  learned,  the  reason  the 
Committee  selected  my  work  was  because  as  a  laboratory  scientist 
and  a  pharmacologist,  I  had  always  been  present  at  clinical  breast 


cancer  meetings  over  the  decades,  putting  forward  my  point-of-view 
in  cancer  treatment  with  SERMs.  For  me,  the  promise  of  life  was 
the  most  important  goal.  But  safety  was  essential.  The  involvement 
I  had  every  day  with  the  clinical  evaluation  of  tamoxifen  (Love  et 
at,  1992),  followed  by  leadership  positions  for  the  evaluation  of 
raloxifene  (Cummings  et  al.,  1999),  and  then  as  the  Scientific 
Chair  of  the  Study  of  Tamoxifen  and  Raloxifene  (STAR)  (Vogel  et 
at,  2006,  2010)  allowed  me  to  deploy  the  knowledge  generated 
by  my  “Tamoxifen  Team”  over  decades  to  save  lives  and  advance 
women’s  health  (Jordan,  2008  b).  Please  remember  that  when  I 
started  this  improbable  and  unlikely  journey  at  the  beginning  of 
the  1970s,  cancer  therapeutics  with  a  targeted  agent,  chemopre- 
vention,  and  the  drug  group,  SERMs  (or  even  tamoxifen  for  that 
matter!)  did  not  exist.  Cancer  research  was  not  recommended  as 
a  career  for  the  pharmacologist  and  the  pharmacologist  would  not 
knowingly  venture  into  women’s  health.  All  of  the  revenues  in  the 
pharmaceutical  industry  were  derived  from  heart  drugs  and  drugs 
that  affected  the  central  nervous  system  (e.g.  tranquilizers,  etc.). 

When  I  was  starting  the  research  for  my  PhD  at  Leeds  University, 
Sir  Alexander  Haddow,  FRS  in  the  Inaugural  Karnofsky  Lecture 
(Haddow,  1970),  was  dismayed  at  the  prospect  for  cancer  thera¬ 
peutics.  Unlike  the  success  noted  with  antibiotics  for  the  treatment 
of  different  infectious  diseases,  there  were  no  laboratory  tests  to 
establish  whether  a  chemotherapy  would  be  effective 
or  not.  The  physician  just  had  to  give  it  to  the  patient 
and  see  if  it  worked!  Haddow  was  also  not  convinced 
that  a  cancer-specific  drug  could  be  developed  because 
cancer  was  self.  In  Haddow’s  Karnofsky  Lecture  pub¬ 
lication,  there  was  one  glimmer  of  hope:  Haddow  had 
used  the  first  chemical  therapy  to  treat  any  cancer,  i.e. 
high  dose  estrogen  to  treat  metastatic  breast  cancer  in 
women  in  their  late  sixties  and  seventies.  He  observed 
that  some  of  the  responses  just  melted  the  tumors 
away.  But  he  was  dismayed  that  the  mechanisms  had 
remained  elusive.  I  am  pleased  to  say  that  we  have 
now  solved  the  question  surrounding  the  mechanism 
of  estrogen-induced  apoptosis  (Ariazi,  in  press). 

It  is  fair  to  say  that  the  work  that  has  evolved  and 
developed  on  the  treatment  and  prevention  of  breast 
cancer  over  the  past  four  decades  has  changed  our 
outlook  and  replaced  pessimism  with  hope.  The  first 
decade  of  discovery  was  essential  to  move  forward  in 
the  field  (Jordan,  2008  a).  It  has  not  only  been  possible 
to  create  change  in  medical  practice,  but  the  labora¬ 
tory  principles  all  translated  to  patient  care  to  save  or 
at  least  extend  lives.  That  is  what  pharmacology  is. 

In  closing,  I  must  end  where  we  began.  I  have 
thanked  Drs.  Kaye  and  Clark  (Fig.  1)  many  times  for 
the  opportunity  they  gave  me  with  a  place  at  Leeds  Uni¬ 
versity.  The  reply  I  received  was  usually  “we  were  only 
doing  our  job.”  Good  words  to  remember  and  live  by. 


Fig.  7.  Honorary  Fellowship  of  the  Royal  Society  of  Medicine  awarded  by  Professor  Acknowledgements 

Mora  Finlay,  Baroness  Finlay  of  Llandaff,  President  of  the  Royal  Society  of  Medicine  Dr.  Jordan  wishes  to  thank  all  of  his  “Tamoxifen  Teams”, 
(2008).  This  honor  is  awarded  to  individuals  of  international  standing  who  have  eminently  who  for  the  past  four  decades  have  converted  ideas  into  lives 
distinguished  themselves  in  the  service  of  medicine  and  the  fields  which  influence  it.  The  saved.  Dr  Jordan  wishes  to  thank  the  Department  of  Defense 
Society  permits,  at  most,  100  people  into  this  elite  group  at  any  one  time.  In  2008  there  Breast  Program  under  Award  number  W81 XWH-06-1  -0590 
were  only  89  Honorary  Fellows  worldwide.  In  2009,  I  received  the  Jephcott  Medal  from  Center  of  Excellence;  subcontract  under  the  SU2C  (AACR) 
the  Royal  Society  of  Medicine,  and  in  2010,  I  was  elected  as  the  President  of  the  Royal  Grant  number  SU2C-AACR-DT0409;  the  Susan  G  Komen 
Society  of  Medicine  Foundation  in  North  America.  For  The  Cure  Foundation  under  Award  number  SAC  1 00009 
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and  the  Lombardi  Comprehensive  Cancer  Center  Support  Grant  (CCSG) 
Core  Grant  NIH  P30  CA05 1 008  for  his  current  research  funding.  The  views 
and  opinions  of  the  author(s)  do  not  reflect  those  of  the  US  Army  or  the 
Department  of  Defense. 
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Tamoxifen  had  been  the  only  available  hormonal  option  for  the  systemic  treatment  for  breast  cancer  from 
1973  to  2000.  Enormous  efforts  have  led  to  the  development  of  potent  and  selective  third  generation 
aromatase  inhibitors  including  anastrozole,  letrozole  and  exemestane.  Due  to  their  superior  efficacy  to 
tamoxifen,  aromatase  inhibitors  are  presently  approved  as  first  line  agents  for  the  treatment  of  advanced 
estrogen  receptor  (ER)  positive  breast  cancer  and  adjuvant  therapy  in  early  ER  positive  early  breast 
cancer  in  postmenopausal  women.  Selective  ER  Modulators  (SERMS),  tamoxifen  and  raloxifene  are  the 
only  agents  presently  used  in  breast  cancer  prevention  in  high  risk  women  and  their  use  has  increased 
substantially  over  the  last  decade.  Third  generations  SERMS,  lasofoxifene  and  bazedoxifene  have  shown 
significant  reduction  in  bone  loss  compared  to  placebo  in  postmenopausal  women  and  are  currently 
approved  in  the  European  Union  for  the  treatment  of  postmenopausal  osteoporosis.  This  review  outlines 
the  current  strategies  employed  in  the  use  of  endocrine  therapy  in  the  management  and  prevention  of 
breast  cancer. 
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1.  Introduction 

The  journey  to  determine  the  mechanism  that  lies  behind  the 
growth  of  breast  cancer  started  more  than  100  years  ago.  The  first 
medical  evidence  was  the  suppression  of  estrogen  levels  through 
oophorectomy  to  cause  regression  of  metastatic  breast  cancer  [1  ]. 
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Similar  antitumor  effects  were  observed  following  adrenelectomy 
and  hypophysectomy  in  postmenopausal  women  with  breast  can¬ 
cer  [2].  This  led  to  the  evolution  of  endocrine  therapies,  with  the 
principal  goal  of  depriving  tumor  cells  of  estrogen  to  induce  tumor 
regression.  The  story  of  the  reinvention  of  tamoxifen  to  become 
the  gold  standard  for  the  adjuvant  treatment  of  breast  cancer  and 
the  pioneering  medicine  for  the  reduction  of  breast  cancer  inci¬ 
dence  in  high  risk  women,  has  been  told  in  detail  elsewhere  [3,4]. 
The  translational  laboratory  research  work  in  the  1970s  [5]  cat¬ 
alyzed  the  move  from  orphan  drug  for  the  adjuvant  treatment  and 
prevention  of  breast  cancer  resulting  in  tamoxifen  becoming  the 
standard  of  care  for  the  long  term  adjuvant  therapy  of  ER  positive 
breast  cancer  and  the  extension  of  the  lives  of  millions  of  women 
worldwide.  Despite  the  clinical  success  of  tamoxifen,  development 
of  drug  resistance  and  endometrial  cancer  led  to  the  requirement 
of  alternative  hormonal  therapy  to  avoid  these  issues.  The  clini¬ 
cal  efficacy  of  third  generation  non  steroidal  aromatase  inhibitors 
(Als),  anastrozole  and  letrozole  and  steroidal  Al,  exemestane  has 
been  extensively  studied  in  comparison  to  tamoxifen.  Although  Als 
have  shown  some  superiority  to  tamoxifen  as  first-line  agents  in 
the  treatment  of  postmenopausal  women  with  breast  cancer  [6-8] 
selective  estrogen  receptor  modulators  (SERMs)  remain  the  main¬ 
stay  of  treatment  in  breast  cancer  prevention.  In  this  review,  we 
focus  on  current  published  data  on  the  treatment  strategies  using 
hormonal  therapy  in  the  treatment  and  prevention  of  breast  cancer. 

2.  Tamoxifen  versus  aromatase  inhibitors 

2.1.  Advanced  breast  cancer 

A  meta-analysis  [9]  of  comparative  studies  of  Als  with  tamox¬ 
ifen,  in  postmenopausal  women  with  advanced  breast  cancer 
demonstrated  a  significant  difference  favoring  Als  over  tamoxifen 
as  first  line  agents  in  overall  response  rate  (ORR;  OR,  1.56;  95% 
Cl,  1.17-2.07;  p  =  0.002)  and  clinical  benefit  (CB;  OR,  1.70;  95% 
Cl,  1.24-2.33;  p  =  0.0009).  Although  the  overall  survival  (OS)  was 
increased  for  the  Als  arm  compared  to  the  tamoxifen  arm,  the  dif¬ 
ferences  observed  were  not  statistically  significant  (OR,  1.95;  95% 
Cl,  0.88-4.30;  p  =  0.10). 

2.2.  Adjuvant  monotherapy 

In  estrogen  receptor  (ER)  positive  early  breast  cancer,  5  years  of 
adjuvant  tamoxifen  significantly  reduces  breast  cancer  recurrence 
and  mortality  throughout  the  first  10  years  and  15  years  respec¬ 
tively  [10].  Incorporation  of  Als  as  adjuvant  therapy  in  breast  cancer 
has  been  extensively  studied.  Several  randomized  trials  [11-13] 
have  compared  Als  to  5  years  of  tamoxifen  as  primary  adjuvant 
treatment  of  postmenopausal  women  with  early  breast  cancer. 
The  results  are  summarized  in  Table  1.  Although  anastrozole  and 
letrozole  showed  significant  improvements  for  disease  free  survival 
(DES)  and  time  to  distant  recurrence  (TTDR)  and  exemestane  only 
improved  TTDR,  none  of  the  Als  showed  significant  overall  survival 
(OS).  A  meta-analysis  of  the  ATAC  and  BIG  trials  [14]  revealed  that 
the  Als  achieved  a  2.9%  absolute  decrease  in  recurrence  (9.6%  for 
Al  vs.  1 2.6%  for  tamoxifen;  p  <  0.00001 )  and  a  nonsignificant  reduc¬ 
tion  in  breast  cancer  mortality.  In  both  studies,  the  incidence  of 
bone  fractures  was  observed  more  frequently  in  the  Al  arm  but 
gynecological  problems  were  more  frequent  with  tamoxifen  ther¬ 
apy.  At  10  year  follow  up  of  the  ATAC  trial,  the  incidence  of  most 
cancers  was  similar  between  groups  and  continue  to  be  increased 
with  anastrozole  for  colorectal  (66  vs.  44;  OR  1.51, 1.01-2.27))  and 
lung  cancer  (51  vs.  34;  OR  1.51,  95%  Cl  0.96-2.41)),  and  lower  for 
endometrial  cancer  (6  vs.  24;  OR  0.25, 95%  Cl  0.08-0.63),  melanoma 
(8  vs.  1 9;  0.42, 0.1 6-1 .00),  and  ovarian  cancer  ( 1 7  vs.  28).  Although 


long  term  effects  of  Als  are  not  yet  established,  it  is  suggested  that 
bisphosphonates  be  added  to  Als  regimens  to  prevent  Al  associ¬ 
ated  bone  loss.  Eurthermore,  concerns  have  been  raised  about  the 
potential  increase  of  myocardial  infarction  with  Als.  This  has  been 
addressed  in  clinical  trials,  which  revealed  no  significant  differ¬ 
ence  between  Als  and  tamoxifen  [15].  However  combined  analysis 
[16]  of  multiple  randomized  controlled  trials  comparing  Als  to 
tamoxifen,  demonstrated  that  Als  were  associated  with  a  higher 
incidence  of  grade  3  and  4  cardiovascular  events  (p  =  0.038)  while 
thromboembolic  events  were  more  frequent  in  the  tamoxifen  arm 

(p<  0.0001). 


2.3.  Sequential  therapy 

It  is  well  known  that  despite  an  initial  response  to  tamoxifen, 
disease  progression  can  occur  due  to  acquired  resistance.  Preven¬ 
tion  of  breast  cancer  recurrences  and  improvement  of  survival  have 
been  explored  with  the  use  of  sequential  therapy  with  Als  after  2-3 
years  of  tamoxifen  to  a  total  of  5  years  of  endocrine  therapy.  Pooled 
analysis  [14]  of  4  trials  [15,17,18]  in  which  2-3  years  of  tamoxifen 
is  switched  to  either  2-3  years  of  Als  or  tamoxifen  revealed  that  Al 
therapy  was  associated  with  an  absolute  3.1  %  (SE  =  0.6%)  reduction 
in  recurrence  (5%  for  Al  vs.  8.1%  for  tamoxifen;  2p  <  0.00001 )  and  an 
absolute  0.7%  (SE  =  0.3%)  decrease  in  breast  cancer  mortality  (1.7% 
for  Al  vs.  2.4%  for  tamoxifen;  2p  =  0.02)  after  approximately  5  years 
of  hormonal  therapy.  Whereas  breast  cancer  mortality  was  signif¬ 
icantly  reduced,  none  of  the  individual  trials  reported  a  significant 
overall  survival.  However,  updated  data  from  the  Anastrozole- 
Nolvadex  (ARNO)-95trial,  showed  significant  reduction  in  the  risk 
of  recurrences  (p  =  0.049)  and  improved  overall  survival  (p  =  0.045) 
with  sequential  treatment  with  anastrozole  compared  to  tamoxifen 
monotherapy  [19]. 

Two  studies  compared  primary  Al  monotherapy  with  sequen¬ 
tial  therapy  including  tamoxifen  followed  by  an  Al.  In  addition  to 
assessment  of  letrozole  monotherapy  compared  to  tamoxifen,  the 
BIG  1-98  trial  [12]  also  evaluated  sequential  therapy  of  2  years  of 
letrozole  followed  by  3  years  of  tamoxifen  or  2  years  of  tamox¬ 
ifen  followed  by  3  years  of  letrozole.  A  median  follow  up  of  71 
months  revealed  that  there  was  no  significant  difference  in  terms 
of  DES  with  either  sequential  therapy  when  compared  with  letro¬ 
zole  alone.  The  TEAM  trial  was  initially  designed  to  evaluate  the 
clinical  efficacy  of  exemestane  compared  to  5  years  of  tamoxifen  as 
initial  adjuvant  endocrine  therapy.  The  study  design  was  changed, 
based  on  the  results  of  the  Intergroup  Exemestane  Study  (lES)  trial, 
to  include  the  sequential  use  of  exemestane  after  2.5-3  years  of 
tamoxifen  treatment.  Updated  analysis  from  the  TEAM  trial  [20] 
at  5.1  years  follow  up  showed  that  there  was  no  significant  differ¬ 
ence  in  DES  between  exemestane  alone  and  tamoxifen  followed  by 
exemestane  (Eig.  1). 

Therefore  current  recommendation  in  adjuvant  endocrine  treat¬ 
ment  of  ER  positive  breast  cancer  (Eig.  2.)  is  that  postmenopausal 
women  take  Als  as  a  primary  agent  for  5  years  or  for  2-3  years  after 
tamoxifen,  while  tamoxifen  is  recommended  as  a  first  line  treat¬ 
ment  for  pre  or  peri-menopausal  women  [21  ].  However  which  Al  to 
use  as  either  initial  or  sequential  adjuvant  therapy  is  yet  to  be  deter¬ 
mined.  Studies  [22]  have  shown  that  letrozole  was  more  potent 
than  anastrozole  in  the  inhibition  of  aromatization  and  estrogen 
suppression  in  postmenopausal  women  with  locally  advanced  and 
invasive  ER  positive  breast  cancer.  But  the  superiority  of  letrozole 
was  not  observed  in  the  head  to  head  comparison  of  letrozole  and 
anastrozole  as  second  line  agents  in  metastatic  breast  cancer  [23]. 
The  ACSOG  trial  [24]  compared  the  clinical  efficacy  of  all  three  Als 
in  the  neoadjuvant  treatment  of  locally  advanced  breast  cancer. 
Preliminary  results  showed  no  significant  difference  in  the  clinical 
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Table  1 

Third  generation  aromatase  inhibitors  versus  tamoxifen  as  first  line  adjuvant  therapy. 
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TRIAL 

ARM 

Median  follow-up  (months) 

n 

DFS 

TTDR 

ATAC  [11] 

ANA  vs.TAM 

120 

6241 

HR  0.91 ,  95%  Cl  0.83-0.99  p  =  0.04 

HR  0.87,  95%  Cl  0.77-0.99  p  =  0.03 

BIG  [12] 

LET  vs.  TAM 

76 

4922 

HR  0.88,  95%C1  0.78-0.99  p  =  0.03 

HR  0.85,  95%  Cl  0.72-1 .00  p  =  0.05 

TEAM  [13] 

EXE  vs.  TAM 

33 

9766 

HR  0.91,  95%  Cl  0.83-0.99  p  =  0.12 

HR  0.81,  95%  Cl  0.67-0.98  p  <  0.03 

ANA,  anastrozole;  ATAC,  Arimidex,  Tamoxifen,  Alone  or  in  combination;  BIG,  Breast  International  Group;  DFS,  disease  free  survival;  EXE,  exemestane;  LET,  letrozole;  LET, 
letrozole  TAM,  tamoxifen;  TEAM,  Tamoxifen,  Exemestane  Adjuvant  Multicenter;  TTDR,  time  to  distant  recurrence. 


17  B  Estradiol  Tamoxifen  Raloxifene 

Fig.  1.  Chemical  Structures  of  SERMS  currently  used  in  breast  cancer  prevention.  The  structure  of  estradiol  is  included  for  comparison. 
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Fig.  2.  Clinical  guidelines  in  the  adjuvant  treatment  of  estrogen  positive  breast  cancer  in  postmenopausal  patients  (A-C)  or  pre/postmenopausal  patients  (D).  A.  Five  years  of 
Tamoxifen  or  aromatase  inhibitors  can  be  used  as  first  line  adjuvant  hormonal  therapy  in  pre  or  perimenopausal  or  postmenopausal  women  respectively.  B.  In  postmenopausal 
women,  sequential  therapy  with  aromatase  inhibitor  after  2-3  years  of  tamoxifen  is  comparable  alternative  to  Al  monotherapy.  C.  Additional  5  years  with  Als  after  5  years 
of  tamoxifen,  have  shown  significant  disease  free  survival.  D.  Investigation  of  extension  of  tamoxifen  beyond  5  years  is  presently  ongoing. 
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response  rate.  To  date  no  meaningful  clinical  differences  have  been 
demonstrated  between  third  generation  Als. 

2.4.  Extended  therapy 

The  MA-17  [25]  randomly  assigned  5187  patients  who  have 
completed  5  years  of  tamoxifen  to  5  years  of  letrozole  or  placebo  to 
determine  the  risk  of  recurrence.  The  study  was  stopped  early  when 
the  first  interim  analysis  showed  that  letrozole  significantly  low¬ 
ered  recurrence  rate  at  a  median  follow  up  of  2.4  years.  As  a  result 
the  study  was  unblinded  and  66%  of  patients  on  placebo  crossed 
over  to  the  letrozole  group.  An  updated  intent  to  treat  analysis  [26] 
revealed  that  letrozole  treatment  achieved  a  2.9%  improvement  in 
DFS  at  4  years  (HR  0.68  p  =  0.0001 ).  Similarly,  ABCSG-6a  [27]  evalu¬ 
ated  anastrozole  for  3  years  in  comparison  with  placebo.  Favorable 
results  were  obtained  with  anastrozole  which  resulted  in  a  signif¬ 
icant  reduction  in  risk  of  recurrence  (p  =  0.031).  Exemestane  was 
also  compared  with  placebo  after  tamoxifen  adjuvant  therapy  by 
the  National  Surgical  Adjuvant  Breast  and  Bowel  Project  (NS ABP)  B- 
33.  Similar  to  the  MA-17,  the  study  was  stopped  prematurely  and 
unblinded  due  to  significant  improvement  in  DFS  [28].  However 
all  3  extended  adjuvant  trials  showed  no  significant  improvement 
in  overall  survival.  Although  10  year  follow  up  of  patients  who 
received  5  years  of  tamoxifen  yielded  beneficial  effects  compared 
with  2  years  of  tamoxifen  [29]  extension  of  adjuvant  therapy  with 
tamoxifen  beyond  5  years  is  not  yet  recommended.  Results  are 
currently  awaited  from  the  Adjuvant  Tamoxifen-Longer  Against 
Shorter  (ATLAS)  and  adjuvant  Tamoxifen  Treatment  offer  more 
(aTTOM)  which  should  give  more  insight  to  extending  tamoxifen 
beyond  5  years.  Furthermore,  no  data  is  available  for  the  use  of  Als 
beyond  5  years,  therefore  the  recommended  limit  on  Als  is  5  years 
total  across  strategies  [21]. 

3.  The  SERM  concept  and  breast  cancer  prevention 

As  a  result  of  a  focused  effort  to  decipher  the  pharmacology  and 
toxicology  of  tamoxifen,  conclusions  were  built  one  upon  the  other, 
in  the  same  laboratory,  to  define  the  properties  of  a  new  drug  group 
called  the  SERMs  and  to  articulation  a  roadmap  to  apply  that  drug 
group  to  prevent  multiple  diseases  in  women  health.  The  mention 
of  “modulation”  at  an  ER  target  site  occurred  with  the  examination 
of  the  structure-function  relationships  of  estrogenic  triphenylethy- 
lene  derivatives  of  tamoxifen  at  a  prolactin  gene  target  in  vitro 
[30].  The  estrogenic  compounds  could  activate  or  suppress  pro¬ 
lactin  synthesis  by  altering  the  shape  of  the  ER  complex  between 
the  extremes  of  an  “antiestrogenic”  or  an  “estrogenic”  conforma¬ 
tion  [31].  This  idea  of  the  molecular  modulation  of  the  receptor 
at  a  single  target  site  was  then  expanded  to  consider  the  physi¬ 
ologic  responses  that  occurred  with  nonsteriodal  antiestrogen  at 
multiple  target  sites  in  the  body  simultaneously.  A  simultaneous 
series  of  translational  studies  focused  on  the  uterus,  breast  (mam¬ 
mary  gland)  and  bone  together  created  the  laboratory  rationale 
for  further  clinical  trials  by  the  pharmaceutical  industry  [32-35].  It 
was  clear  in  1990  that  the  toxicological  issues  with  tamoxifen  e.g. 
endometrial  cancer  [35,36]  needed  another  approach.  A  roadmap 
was  stated  because  few  women  would  have  a  prevention  of  breast 
cancer  even  in  high  risk  populations;  all  would  be  exposed  to  side 
effects:  “We  have  obtained  valuable  clinical  information  about  this 
group  of  drugs  that  can  be  applied  in  other  disease  states.  Impor¬ 
tant  clues  have  been  garnered  about  the  effects  of  tamoxifen  on 
bone  and  lipids  so  it  is  possible  that  derivatives  could  find  targeted 
applications  to  retard  osteoporosis  or  atherosclerosis.  The  ubiqui¬ 
tous  application  of  novel  compounds  to  prevent  diseases  associated 
with  the  progressive  changes  after  menopause  may  as  a  side  effect, 
significantly  retard  the  development  of  breast  cancer”  [37]. 


Although  tamoxifen  is  the  pioneering  SERM,  raloxifene  is  the 
medicine  that  first  exploited  the  ‘roadmap”  successfully  starting  in 
1992  [38].  Scientists  [39]  confirmed  the  concept  in  animal  models 
measuring  bone  density,  uterine  weights  and  circulating  choles¬ 
terol  and  initiated  the  Multiple  Outcomes  of  Raloxifene  Evaluation 
(MORE)  trial.  Raloxifene  would  be  the  first  SERM  to  be  approved 
for  two  of  the  three  properties  of  the  “ideal  SERM”:  reduction  in 
the  incidence  of  fractures  in  osteoporosis  and  the  reduction  in  the 
incidence  of  breast  cancer  [40-42].  Raloxifene  does  not  reduce  the 
risk  of  coronary  heart  disease  [43].  It  is  however,  perhaps  pertinent 
to  note  that  the  original  work  on  the  prevention  of  rat  mammary 
carcinogenesis  [34]  concluded  that  because  the  pharmacokinet¬ 
ics  of  tamoxifen  were  superior  to  raloxifene  then  raloxifene  was 
unlikely  to  be  superior  clinically  in  breast  chemoprevention.  Ini¬ 
tially,  data  demonstrated  that  raloxifene  was  extremely  effective  at 
preventing  ER  positive  breast  cancer  in  90%  of  osteoporotic  women 
[41  ]  but  in  the  Study  of  Tamoxifen  and  Raloxifene  or  STAR  trial  in 
healthy  postmenopausal  women  tamoxifen  and  raloxifene  were 
equivalent  in  producing  a  50%  decrease  in  breast  cancer  incidence 
[42].  However,  the  latter  evaluations  were  during  treatment  with 
the  SERMs.  If  an  evaluation  of  breast  cancer  incidence  occurs  after 
the  end  of  a  5  year  treatment  regimen  tamoxifen  is  superior  to 
raloxifene  that  is  only  78%  as  effective  as  tamoxifen  3  years  follow¬ 
ing  stopping  treatment  [44].  The  laboratory  study  was  accurate. 
As  a  result,  continuous  treatment  with  raloxifene  can  be  consid¬ 
ered  and  is  efficacious  at  maintaining  an  antitumor  environment 
[45].  Most  importantly,  there  is  no  increased  risk  of  endometrial 
cancer  with  raloxifene  this  again  demonstrating  the  veracity  of 
the  translational  research.  Due  to  its  breast  cancer  and  osteoporo¬ 
sis  preventive  effects,  raloxifene  is  recommended  to  be  the  ideal 
treatment  of  choice  in  high  risk  postmenopausal  women. 


4.  New  generation  SERMS 

The  development  of  third  generation  SERMs  was  based  on  pre- 
clinical  studies  which  showed  beneficial  estrogenic  effects  on  the 
bone  without  the  detrimental  stimulation  on  the  endometrium  or 
breast  tissue  [46,47].  Lasofoxifene,  Bazedoxifene,  Arzoxifene  and 
Ospemifene  (Fig.  3)  have  been  assessed  in  the  treatment  and  pre¬ 
vention  of  osteoporosis  as  well  as  prevention  of  breast  cancer. 
The  Osteoporosis  Prevention  and  Lipid  Lowering  (OPAL)  and  PEARL 
studies  evaluated  lasofoxifene,  a  third  generation  SERM  in  the  treat¬ 
ment  of  osteoporosis.  The  OPAL  study  consists  of  two  identical 
double-blind  placebo-controlled  studies  assessing  the  vaginal  and 
bone  effects  of  lasofoxifene  in  nonosteoporotic  women.  Bone  min¬ 
eral  density  (BMD)  was  significantly  reduced  with  an  improvement 
in  vaginal  pH  after  2  years  of  therapy  [48-50].  The  PEARL  trial 
[51  ]  is  a  randomized  placebo  controlled  study  involving  8556  post¬ 
menopausal  women  with  low  bone  density.  Five  years  treatment 
with  0.5  mg  of  lasofoxifene  induced  a  significant  79%  reduction  of 
all  breast  cancers  as  well  as  a  statistically  significant  reduction  of 
vertebral  (42%)  and  non  vertebral  fractures  (24%),  major  coronary 
events  (32%)  and  stroke  (36%)  when  compared  to  placebo  [52]. 
The  CORAL  trial  [53]  compared  the  effects  of  lasofoxifene,  ralox¬ 
ifene  and  placebo  on  BMD  of  postmenopausal  women.  Although 
lasofoxifene  and  raloxifene  had  a  similar  adverse  effect  profile, 
lasofoxifene  significantly  improved  lumbar  spine  BMD  (P<0.05), 
and  significantly  reduced  low-density  lipoprotein  cholesterol  lev¬ 
els  (P<0.05)  at  2  years  of  therapy  compared  to  raloxifene  and 
placebo.  Lasofoxifene  was  approved  for  the  treatment  of  osteoporo¬ 
sis  in  the  European  Union  in  March  2009;  however  it  is  still  under 
review  by  the  FDA  in  the  United  States.  The  medicine  has  not  been 
marketed. 

A  2  year  randomized  double-blind  study  [54]  assessed  the  clini¬ 
cal  efficacy  of  bazedoxifene  compared  with  placebo.  Raloxifene  was 


/.  Obiorah,  V.C  Jordan  /  Maturitas  70  (201 1 )  315-321 


319 


Fig.  3.  Chemical  structures  of  third  generation  SERMS. 


added  as  a  positive  control.  1 0  mg,  20  mg  and  40  mg  of  bazedoxifene 
had  superior  advantage  over  placebo  in  the  improvement  of  BMD 
at  all  skeletal  sites  (p<  0.001).  These  effects  were  comparable  to 
that  obtained  with  60  mg  raloxifene.  Incidence  of  cardiovascular 
disease,  thromboembolic  events,  endometrial  abnormalities  and 
breast  cancer  did  not  significantly  differ  between  treatment  groups. 
Silverman  and  Colleagues  [55]  reported  that  the  incidence  of  new 
vertebral  fractures  was  significantly  lower  in  the  bazedoxifene 
group  compared  to  placebo  (p  <  0.05),  while  incidence  of  non  verte¬ 
bral  fractures  was  not  statistically  different  from  the  placebo  group 
at  3  years.  This  trend  was  maintained  on  extension  of  the  study 
for  an  additional  2  years  [56].  A  post  hoc  analysis  of  a  subgroup  of 
women  at  higher  fracture  risk  showed  that  bazedoxifene  induced 
a  50%  and  44%  reduction  in  nonvertebral  fracture  risk  relative  to 
placebo  (p  =  0.02)  and  raloxifene  (p  =  0.05).  This  effect  by  bazedox¬ 
ifene  in  comparison  to  placebo  was  supported  by  a  re-analysis 
using  the  fracture  probability  tool,  FRAX  [57].  Although  incidence 
of  breast  cancer  was  lower  in  the  bazedoxifene  group,  there  were 
no  significant  differences  noted  in  the  incidence  of  breast  or 
endometrial  carcinoma  as  well  as  endometrial  hyperplasia  among 
treatment  groups.  Because  of  the  favorable  outcomes  seen  with 
bazedoxifene  on  the  endometrium  and  bone,  the  (Selective  Estro¬ 
gen  Menopause  and  Response  to  Therapy)  SMART-1  [58,59]  trial 
investigated  the  combination  of  bazedoxifene(BZA)  and  conjugated 
estrogens(CE)  compared  to  placebo  using  endometrial  hyperpla¬ 
sia  and  BMD  as  the  primary  endpoints.  Although  treatment  with 


BZA/CE  did  not  significantly  reduce  the  incidence  of  endometrial 
hyperplasia  over  placebo  at  2  years,  BMD  was  increased  signif¬ 
icantly  with  BZA/CE  at  the  lumbar  spine  and  total  hip.  Perhaps 
the  endometrial  protective  effects  of  BZA/CE  may  be  seen  with 
longer  follow-up.  This  may  alleviate  the  need  for  progestins  in  post¬ 
menopausal  women  with  intact  uterus  on  hormone  replacement 
therapy.  Bazedoxifene  is  currently  approved  for  the  treatment  of 
osteoporosis  in  the  European  Union.  Arzoxifene  showed  potential 
in  the  reduction  of  vertebral  fractures  but  it  was  withdrawn  from 
future  clinical  development  based  on  nonvertebral  efficacy  [60]. 
Presently,  FDA  approval  is  being  sought  for  the  use  of  ospemifene 
in  the  treatment  of  vulvovaginal  atrophy  [61  ]. 

5.  Conclusion 

Tamoxifen  continues  to  play  a  major  role  in  the  treatment  and 
prevention  of  breast  cancer.  Parallel  studies  have  shown  that  Als 
are  superior  to  tamoxifen  in  the  management  of  metastatic  breast 
cancer  as  well  as  an  adjuvant  agent  in  early  breast  cancer.  Although 
most  differences  were  statistically  significant,  however  differences 
in  overall  survival  was  either  non  significant  or  was  somewhat 
marginal.  Clinical  trials  involving  head  to  head  comparison  of  A1 
are  needed  to  determine  the  superiority  (if  any)  in  efficacy  in  tumor 
suppression.  This  will  clarify  the  initial  or  sequential  order  in  which 
these  agents  are  used  in  clinical  management.  Tamoxifen  and  ralox¬ 
ifene  are  the  only  endocrine  agents  approved  in  the  prevention 
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of  breast  cancer  in  high  risk  women.  Newer  SERMs,  lasofoxifene 
and  bazedoxifene  are  well  tolerated  agents  and  could  possibly  act 
as  an  alternative  in  the  prevention  of  postmenopausal  osteoporo¬ 
sis.  These  SERMs  have  shown  comparable  efficacy  to  raloxifene. 
However  clinical  validation  is  needed  to  confirm  beneficial  effects 
in  the  reduction  of  the  incidence  of  breast  cancer,  cardiovascular 
and  thromboembolic  events.  Progress  with  the  new  SERMS  is  cur¬ 
rently  dependent  upon  the  financial  advantages  of  new  agents  over 
old  SERMS  now  as  generics  (tamoxifen)  or  ending  their  patent  life 
(raloxifene).  So  what  about  no  estrogen  at  all  for  chemoprevention? 
Two  trials  were  established  to  evaluate  the  efficacy  of  anastrozole 
(IBlSll  trial)  and  exemestane  (MAP.3)  with  placebo  in  the  preven¬ 
tion  of  breast  cancer  in  high  risk  postmenopausal  women.  Recently 
MAP.3  has  demonstrated  the  value  of  reducing  breast  cancer  inci¬ 
dence  by  a  reported  low  incidence  of  side  effects  [62].  Nevertheless, 
Als  are  not  currently  recommended  for  breast  cancer  risk  reduction 
outside  of  a  clinical  trial.  No  other  drugs  have  shown  greater  effi¬ 
cacy  than  those  currently  approved  for  breast  cancer  treatment  and 
prevention. 

In  summary,  it  is  reasonable  to  note  that  much  progress  has  been 
made  in  women’s  health  and  a  menu  of  medicines  is  now  available 
and  validated  approaches  are  proven  compared  to  none  when  all 
this  started  nearly  40  years  ago  [5]. 
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1.  Introduction 

The  first  example  of  hormonal  dependency  of  breast  cancer  can  be  dated  back  as  far  as  1896, 
when  Dr.  G.T.  Beatson  observed  and  described  the  reduction  of  breast  cancer  progression  in 
a  premenopausal  patient  after  bilateral  oophorectomy  (Beatson  1896).  It  was  an  indication 
that  the  ovaries  produced  something  in  a  woman's  body  that  fueled  breast  cancer  growth. 
This  phenomenon  was  reconfirmed  in  a  collected  series  of  patients  with  advanced  breast 
cancer  following  oophorectomy  (Boyd  1900),  however  there  was  only  a  30%  percent 
response.  In  1916  Lathrop  and  Loeb  demonstrated  in  mice,  that  ovarian  function  has  an 
influence  on  the  growth  of  mammary  glands  and  tumorigenesis,  and  that  castration  of 
immature  female  mice  has  delayed  the  evolution  of  mammary  tumors  (Lathrop  1916). 
However,  the  chemical  control  mechanisms  of  breast  cancer  progression  and  the  relevance 
of  ovarian  function  remained  uncertain,  until  the  first  animal  models  were  introduced  to  test 
the  effects  of  oophorectomy  and  estrogenic  properties  of  different  chemical  compounds 
under  precise  laboratory  conditions  (Allen  1923).  This  model  allowed  the  indentification  the 
ovarian  hormone,  which  induced  estrus  in  oophorectomized  mice,  estrogen. 

In  subsequent  years  during  the  1930s  and  1940s  many  other  compounds,  including 
diethylstilbestrol,  and  triphenylethylene  derivatives  would  be  identified  as  estrogens 
utilizing  the  ovariectomized  mouse  model  (Robson  1937;  Dodds  1938).  The  connection 
between  the  beneficial  effects  of  oophorectomy  as  a  treatment  for  advanced  breast  cancer 
provoked  questions  about  the  actual  role  of  estrogen  and  other  estrogenic  compounds  in 
breast  cancer  growth.  High  dose  estrogen  therapy  was  the  first  chemical  therapy 
("chemotherapy")  to  treat  any  cancer  successfully.  In  1944  Haddow  (Haddow  1944) 
published  the  results  of  his  clinical  trial  with  the  synthetic  estrogens  triphenylchlorethylene, 
triphenylmethylethylene,  and  diethylstilbestrol.  He  found  that  10  out  of  22  post-menopausal 
patients  with  advanced  mammary  carcinomas,  who  were  treated  with 
triphenylchlorethylene,  had  significant  regression  of  tumor  growth.  Five  patients  out  of  14 
who  were  treated  with  high  dose  stilbestrol  produced  similar  responses.  The  finding  that 
high  doses  of  synthetic  estrogens  induced  regression  of  tumor  growth  in  some,  but  not  all 
postmenopausal  patients  with  breast  cancer  (30%  of  patients  responded  to  therapy 
favorably)  was  similar  to  the  random  responsiveness  of  oophorectomy  in  premenopausal 
patients  with  metastatic  breast  cancer  (Boyd  1900).  However,  Haddow  (Haddow  1944) 
noted  that  the  first  successful  use  of  a  chemical  therapy  to  treat  breast  and  prostate  cancers 
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was  affiliated  with  significant  systemic  side  effects,  such  as  nausea,  areola  pigmentation, 
uterine  bleeding,  and  edema  of  the  lower  extremities.  At  approximately  same  time  Walpole 
was  investigating  the  role  of  diethylstilbestrol  and  dienestrol  in  breast  cancer  (Walpole 
1948).  He  confirmed  the  results  obtained  by  Haddow  that  estrogens  are  effective  in  the 
treatment  of  breast  cancer  and  can  be  of  benefit  for  patients,  but  also  noticed  that  older 
women,  and  women  who  received  higher  doses  of  estrogens  had  a  better  response  to 
hormonal  therapy  (Walpole  1948;  Haddow  1950).  However,  the  mechanisms  were  again 
undefined. 

The  first  successful  attempt  to  decipher  the  biochemistry  of  estrogens  in  mammals  occurred 
a  decade  later.  Tritium-labeled  hexestrol  was  found  to  accumulate  in  reproductive  organs, 
including  mammary  glands,  in  female  goats  and  sheep  (Glascock  and  Hoekstra  1959).  This 
finding  was  a  crucial  observation  to  understand  the  role  of  estrogens  in  processes  involving 
target  tissues,  such  as  the  mammary  gland.  Subsequently  this  research  was  translated  to  the 
clinic  with  the  finding  that  tritium-labeled  hexestrol  accumulated  at  a  higher  rate  in  patients 
that  favorably  respond  to  adrenalectomy  and  oophorectomy,  comparing  to  patients  that  do 
not  (Folca  et  al.  1961).  This  indicated  that  patients  who  would  accumulate  estrogens  better  in 
target  breast  tissue  would  respond  better  to  surgical  castration.  However,  this  technical 
approach  was  not  pursued  further. 

During  the  1950's  Kennedy  (Kennedy  and  Nathanson  1953)  systematically  investigated  the 
efficacy  of  synthetic  estrogens  for  the  treatment  of  advanced  breast  cancer.  Kennedy 
examined  a  variety  of  different  estrogens,  however  he  found  no  significant  differences  and 
diethylstilbestrol  became  the  standard  drug.  However,  side  effects  still  remained  a  concern 
and  responses  lasted  for  only  about  a  year  in  the  majority  of  patients.  By  the  1960's,  the 
standards  for  the  hormonal  treatment  of  breast  cancer  were  established.  Premenopausal 
women  were  to  be  treated  with  ovarian  irradiation  therapy  or  bilateral  oophorectomy. 
However,  based  on  data  from  the  clinical  trials,  postmenopausal  patients  with  advanced 
breast  cancer  were  to  be  treated  with  high  dose  of  the  most  potent  synthetic  estrogenic 
compound  diethylstilboestrol  (Kennedy  1965).  Overall,  one  could  anticipate  that  36  %  of 
patients  would  respond  favorably  to  high  dose  estrogen  therapy  (Kennedy  1965).  However, 
the  molecular  mechanisms  of  the  anticancer  action  of  estrogen  remained  elusive.  In  1970 
Haddow  (Haddow  1970)  was  not  enthusiastic  about  the  overall  prospects  of  chemical 
therapy  of  breast  cancer,  he  felt  that  it  was  important  that  safer  less  toxic  ''estrogens"  were 
developed  that  might  extend  therapeutic  use.  There  were  clues  that  deciphering  the 
mysteries  of  endocrine  therapy,  such  as  unknown  mechanisms  of  tumor  regression  after 
high-dose  estrogen  therapy,  which  could  be  of  major  benefit  for  patient's  treatment. 
Haddow  stated:  "In  spite  of  the  extremely  limited  practicality  of  such  measure  [high  dose 
estrogen],  the  extraordinary  extent  of  tumor  regression  observed  in  perhaps  1%  of  post¬ 
menopausal  cases  has  always  been  regarded  as  of  major  theoretical  importance,  and  it  is  a 
matter  of  some  disappointment  that  so  much  of  the  underlying  mechanisms  continues  to 
elude  us".  However,  as  noted  previously,  high  dose  estrogen  therapy  was  more  successful 
as  a  treatment  for  breast  cancer  the  farther  the  woman  was  from  the  menopause.  Estrogen 
withdrawal  somehow  played  a  role  in  sensitizing  tumors  to  the  antitumor  actions  of 
estrogen,  but  this  fact  was  not  appreciated  at  that  time.  We  will  return  to  this  concept. 
Elwood  Jensen  predicted  the  existence  of  estrogen  receptor  (ER)  in  1962  (Jensen  1962),  and 
the  isolation  and  identification  of  the  ER  protein  by  Toft  and  Gorski  occurred  in  1966  (Toft 
and  Gorski  1966).  The  mediating  role  of  the  ER  in  the  estrogen  responsiveness  of  breast 
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cancer  was  established,  and  eventually  the  ER  became  the  molecular  target  for  targeted 
therapy  and  prevention  of  ER-positive  breast  cancer  (Jensen  and  Jordan  2003).  It  was 
suggested  (Lacassagne  1936)  in  1936  that  a  therapeutic  agent  to  block  estrogen  action  would 
be  useful  in  breast  cancer  prevention,  but  there  were  no  clues.  Potential  candidate 
antiestrogens  were  only  discovered  20  years  later  in  the  late  1950s,  but  these  agents  were 
identified  and  screened  as  contraceptive  drugs  in  laboratory  animals.  MER25  (Lerner  et  al. 
1958),  which  was  first  reported  as  a  non-steroidal  antiestrogen  and  subsequently  found  to  be 
a  post-coital  contraceptive  in  animals  (Lerner  and  Jordan  1990).  But  the  drug  was  too  toxic. 
The  first  clinically  useful  compound  MRL41  or  clomiphene  was  tested  in  women;  however, 
it  was  not  a  contraceptive,  but  actually  induced  ovulation.  Nevertheless,  clinical  trials  of 
clomiphene  in  the  early  1960's  did  move  forward  to  evaluate  its  activity  in  the  treatment  of 
breast  cancer,  but  were  terminated  because  of  concerns  about  the  drug's  potential  to  cause 
cataracts  (Jordan  2003).  In  parallel  studies  stimulated  by  the  initial  reports  of  the  non¬ 
steroidal  antiestrogens,  ICI  46,474,  the  pure  trans-isomer  of  a  substituted  triphenylethylene, 
was  discovered  at  Imperial  Chemicals  Industry  (ICI)  Pharmaceuticals  (now  Astra  Zeneca) 
and  was  described  as  a  postcoital  contraceptive  in  the  rat  (Harper  and  Walpole  1967).  The 
Head  of  the  Eertility  Control  program,  Arthur  Walpole,  earlier  in  his  career  was  interested 
in  why  only  some  postmenopausal  women  with  metastatic  breast  cancer  respond  favorably 
to  high  dose  estrogen  therapy  (Walpole  1948).  Later  Walpole  ensured  that  ICI  46,474  was 
tested  in  the  clinic  and  placed  on  the  market  as  an  orphan  drug  while  ICI  invested  in  the 
scientific  research  by  others  in  academia  to  conduct  a  systematic  study  of  the  anticancer 
actions  of  tamoxifen  and  its  metabolites  (Jordan  2008).  This  investment  reinvented  tamoxifen 
as  the  first  anticancer  agent  specifically  targeted  to  the  ER  in  the  tumor  and  created  the 
scientific  principles  to  ultimately  establish  tamoxifen  as  the  "'gold  standard"  for  the  adjuvant 
therapy  of  breast  cancer  and  as  the  first  chemopreventative  agent  that  reduces  the  incidence  of 
breast  cancer  in  women  with  elevated  risk  (Eisher  et  al.  1999;  EBCTCG  2005). 

2.  Development  and  clinical  application  of  antihormonal  therapy 

Since  the  clinical  application  of  the  laboratory  principle  of  targeting  the  ER  with  long-term 
antihormonal  therapy  (Jordan  2008)  to  treat  breast  cancer  has  become  the  standard  of  care, 
two  different  approaches  to  adjuvant  antihormonal  therapy  have  been  developed  in  the  past 
30  years:  first,  is  the  blockade  of  estrogen-stimulated  growth  (Jensen  and  Jordan  2003)  at  the 
tumor  ERs  with  antiestrogens,  and  the  second  one,  is  the  use  of  aromatase  inhibitors  to 
block  estrogen  biosynthesis  in  postmenopausal  patients  (Jordan  and  Brodie  2007). 
Tamoxifen  was  originally  referred  to  as  a  non-steroidal  antiestrogen  (Harper  and  Walpole 
1967).  However,  as  more  has  become  known  about  its  molecular  pharmacology  (Jordan  2001) 
it  has  become  the  pioneering  Selective  Estrogen  Receptor  Modulator  (SERM).  The  concept  of 
SERM  action  was  defined  by  four  main  pieces  of  laboratory  evidence:  1)  ER-positive  breast 
cancer  cells  inoculated  into  athymic  mice  grew  into  tumors  in  response  to  estradiol,  but  not  to 
tamoxifen  (antiestrogenic  action),  however  both  estradiol  and  tamoxifen  induced  uterine 
weight  increase  in  mice  (estrogen  action)  (Jordan  and  Robinson  1987);  2)  raloxifene  (another 
non-steroidal  antiestrogen),  which  is  less  estrogenic  in  rat  uterus,  maintained  the  bone  density 
in  ovariectomized  rats  (estrogen  action),  as  did  tamoxifen  (Jordan  et  al.  1987),  and  prevented 
mammary  carcinogenesis  (antiestrogenic  action)  (Gottardis  and  Jordan  1987);  3)  tamoxifen 
blocked  estradiol-induced  growth  of  ER-positive  breast  cancer  cells  in  athymic  mice 
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(antiestrogenic  action),  but  induced  rapid  growth  of  ER-positive  endometrial  carcinomas 
(estrogenic  action)  (Gottardis  et  al.  1988);  4)  raloxifene  was  less  effective  in  promoting 
endometrial  cancer  growth  than  tamoxifen  (less  estrogenic  action  in  uterine  tissue)  (Gottardis 
et  al.  1990).  These  laboratory  results  all  translated  into  clinical  practice  where  it  was  shown  that 
tamoxifen  effectively  can  reduce  the  incidence  of  breast  cancer  in  high-risk  pre-  and 
postmenopausal  women,  however  increases  the  incidence  of  blood  clots  and  endometrial 
cancer,  which  is  linked  to  estrogen-like  actions  of  tamoxifen  in  these  tissues  in  postmenopausal 
women,  who  have  a  low-estrogen  environment  (Fisher  et  al.  1998). 

Aromatase  inhibitors  have  an  advantage  in  the  therapy  of  postmenopausal  patients  over 
tamoxifen,  firstly,  because  there  are  fewer  side  effects,  such  as  blood  clots  or  endometrial 
cancer,  and  aromatase  inhibitors  have  a  small,  but  still  significant  efficacy  in  increasing 
disease  free  survival  (Howell  et  al.  2005).  However,  most  postmenopausal  patients 
worldwide  continue  treatment  with  tamoxifen,  either  for  economic  reasons  or  because  they 
were  hysterectomized  and  also  have  a  low  risk  of  developing  blood  clots  (low  body  mass 
index  and  are  athletically  active).  In  premenopausal  women,  long  term  tamoxifen  is  the 
antihormonal  therapy  of  choice  for  the  treatment  of  ductal  carcinoma  in  situ  (DCIS)  (Fisher 
et  al.  1999),  ER-positive  breast  cancer  treatment  (EBCTCG  2005)  and  the  reduction  of  breast 
cancer  incidence  in  those  premenopausal  women  at  elevated  risk  (Fisher  et  al.  1998).  It  is 
important  to  stress  that  premenopausal  women  treated  with  tamoxifen  do  not  have 
elevations  in  endometrial  cancer  and  blood  clots,  thus  risk:  benefit  ratio  is  in  favor  of 
tamoxifen  treatment  (Gail  et  al.  1999). 

The  development  of  raloxifene  from  a  laboratory  concept  (Jordan  2007)  to  a  clinically 
effective  drug  to  prevent  both  osteoporosis  and  breast  cancer  (Cummings  et  al.  1999;  Vogel 
et  al.  2006)  has  created  new  opportunities  for  clinical  applications  of  SERMs.  Raloxifene  is 
the  result.  However,  the  biggest  advantage  of  raloxifene  is  that  it  does  not  increase  the 
incidence  of  endometrial  cancer  (Vogel  et  al.  2006),  which  was  noted  in  postmenopausal 
women  taking  tamoxifen  (Fisher  et  al.  1998).  Raloxifene  is  used  primarily  for  the  prevention 
of  osteoporosis  and  for  the  prevention  of  breast  cancer  in  high  risk  postmenopausal  women. 
The  current  clinical  trend  for  the  use  of  antihormonal  therapy  for  the  treatment  and 
prevention  of  breast  cancer  is  to  employ  long-term  treatment  durations.  Currently 
aromatase  inhibitors  are  used  for  a  full  5  years  after  5years  of  tamoxifen  (Goss  et  al.  2005). 
Though,  the  clinical  application  of  the  SERM  concept  has  proven  itself  to  be  successful  for 
the  prevention  of  osteoporosis  and  50%  of  breast  cancers  (Vogel  et  al.  2006;  Vogel  et  al. 
2010),  drug  resistance  remains  an  important  issue  arising  from  long-term  SERM  treatment. 
Studies  have  shown  that  after  long-term  SERM  treatment,  the  pharmacology  of  the  SERMs 
changes  from  an  inhibitory  antiestrogenic  state  to  a  stimulatory  estrogen-like  response 
(Gottardis  and  Jordan  1988). 

3.  Evolution  of  SERM  resistance  as  deciphered  by  the  laboratory  models 

Clinical  and  laboratory  studies  have  identified  possible  mechanisms  for  the  acquired 
resistance  to  SERMs,  and  tamoxifen.  Acquired  resistance  to  SERMs  is  unique  as  the  tumors 
are  SERM  stimulated  for  growth  (Howell  et  al.  1992).  The  first  laboratory  model  (Gottardis 
and  Jordan  1988;  Gottardis  et  al.  1988;  Gottardis  et  al.  1990)  of  transplantable  tamoxifen 
resistant  cells  demonstrated  that  1)  tamoxifen  or  estrogen  can  cause  tumors  to  grow,  2) 
tumors  require  a  liganded  receptor  to  grow,  3)  an  aromatase  inhibitors  (estrogen 
deprivation)  or  a  pure  antiestrogen  that  causes  ER  degradation  would  be  useful  second  line 
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agents,  4)  there  was  cross  resistance  with  other  SERMs  (O'Regan  et  al.  2002).  Currently, 
numerous  model  systems  exist  to  study  SERM  resistance.  Some  are  engineered  to  increase 
the  likelihood  of  resistance  (Osborne  et  al.  2003)  and  others  are  engineered  by  transfection  of 
the  aromatase  gene  to  study  resistance  to  aromatase  inhibitors  and  compare  them  with 
tamoxifen  (Brodie  et  al.  2003).  In  contrast,  others  have  chosen  to  develop  models  naturally 
through  selective  pressure  either  in  vivo  or  in  vitro.  The  natural  selection  approach  is  to 
either  continuously  transplant  the  resulting  SERM  resistant  breast  cancer  into  SERM-treated 
athymic  animals  (Wolf  and  Jordan  1993;  Lee  et  al.  2000)  or  to  employ  strategies  in  vitro  that  use 
continuous  SERM  treatment  (Herman  and  Katzenellenbogen  1996;  Liu  et  al.  2003;  Park  et  al. 
2005)  or  long  term  estrogen  deprivation  in  culture  (Song  et  al.  2001;  Lewis  et  al.  2005).  Distinct 
phases  of  resistance  were  elucidated  with  the  use  of  unique  models  of  tamoxifen-resistant 
breast  cancer  developed  in  vivo,  in  order  to  better  understand  the  biological  consequences  of 
extended  antiestrogen  treatment  on  the  survival  of  breast  cancer.  The  model  for  the  treatment 
phase  was  developed  by  injecting  ERa-positive  MCE-7  cells  into  athymic  mice  and 
supplementing  them  with  post-menopausal  doses  of  estradiol  (E2)  (86-93  pg/ml)  (Robinson 
and  Jordan  1989),  which  were  estradiol-stimulated  and  tamoxifen  (TAM)-inhibited  (Eigure  1). 

Evolution  of  SERM  resistance 


Eig.  1.  Evolution  of  SERM  resistance  as  observed  in  animal  models. 

With  short  term  treatment  (<2  years)  with  tamoxifen  Phase  I  TAM-resistant  breast  tumors 
developed,  which  were  stimulated  to  grow  by  both  E2  and  tamoxifen  (Eigure  1)  (Gottardis 
and  Jordan  1988;  Osborne  et  al.  1991).  The  novel  model  of  Phase  II  resistance  to  tamoxifen 
was  developed  by  long-term  treatment  (>5  years)  of  breast  tumors  with  tamoxifen  (MCE- 
7TAMLT).  These  MCE-7TAMLT  tumors  were  stimulated  to  grow  with  tamoxifen,  but 
paradoxically  were  inhibited  by  estradiol  (Eigure  1)  (Wolf  and  Jordan  1993;  Yao  et  al.  2000; 
Osipo  et  al.  2003).  The  phase  when  all  known  therapies  fail  and  only  E2-inhibit  the  growth  is 
referred  to  as  phase  III  resistance  (Eigure  1)  (Jordan  2004).  Interestingly,  during  the 
progression  from  the  treatment  phase  to  Phase  III  resistance,  a  cyclic  phenomenon  was 
observed  where  initially  estradiol-inhibited  growth  of  Phase  II  TAM-resistant  tumors 
followed  by  re-sensitization  to  estradiol  as  a  growth  stimulant  (Yao  et  al.  2000).  These  new 
estradiol-stimulated  MCP-7  tumors  from  Phase  II  tamoxifen-resistant  tumors  were  inhibited 
by  treatment  with  either  TAM  or  fulvestrant  demonstrating  complete  reversal  of  drug 
resistance  to  tamoxifen  (Yao  et  al.  2000).  A  similar  phenomenon  was  observed  with 


8 


Targeting  New  Pathways  and  Cell  Death  in  Breast  Cancer 


raloxifen-resistance  (Balaburski  et  al.  2010).  In  addition  to  SERM-resistant  tumors,  estradiol, 
at  physiologic  concentrations,  has  also  been  shown  to  induce  apoptosis  in  long  term 
estrogen  deprived  (LTED)  breast  cancer  cells  in  vitro  and  in  vivo.  We  noted  previously,  that 
in  the  past,  pharmacologic  estrogen  was  employed  in  therapy  of  advanced  breast  cancer  that 
resulted  in  favorable  responses  with  regression  of  disease  (Haddow  1944).  Estrogen  therapy 
yields  as  high  as  40%  response  rate  as  first-line  treatment  in  patients  with  hormonally 
sensitive  breast  cancer  with  metastatic  disease  (Ingle  et  al.  1981)  and  approximately  31%  in 
patients  heavily  pre-treated  with  previous  endocrine  therapies  (Lonning  et  al.  2001).  The 
unique  aspect  of  current  laboratory  findings  is  that  physiologic  estrogen  can  induce  tumor 
regression  in  long-term  anti-hormone  drug  resistance  (Wolf  and  Jordan  1993;  Yao  et  al.  2000; 
Song  et  al.  2001;  Jordan  and  Eord  2011).  But  what  are  the  mechanisms? 

Known  mechanisms  of  estrogen-induced  apoptosis  in  LTED  breast  cancer  cells 


Death  Receptor 
pathway  XJyk 


Eig.  2.  Mechanisms  of  estrogen-induced  apoptosis  in  Long-Term  Estrogen  Deprived  (LTED) 
breast  cancer  cells.  Both  EasR/EasL  death-signaling  and  mitochondrial  pathways  are  involved. 

4.  Mechanism  of  estrogen-induced  apoptosis 

To  investigate  the  mechnisms  of  estradiol-induced  apoptosis  SERM-stimulated  models  (Liu 
et  al.  2003;  Osipo  et  al.  2003)  or  long-term  estrogen  deprived  MCE-7  breast  cancer  cell  lines 
(Song  et  al.  2001;  Lewis  et  al.  2005;  Lewis  et  al.  2005)  have  been  interrogated.  A  link  between 
estradiol-induced  apoptosis  and  activation  of  the  EasR/EasL  death-signaling  pathway  was 
demonstrated  in  tamoxifen-stimulated  breast  cancer  tumors  by  inducing  the  death  receptor 
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Fas  with  physiologic  levels  of  estradiol  and  suppressing  the  antiapoptotic/ prosurvival 
factors  NF-kB  and  HER2/neu  (Osipo  et  al.  2003;  Lewis  et  al.  2005).  A  similar  finding  was 
reported  (Liu  et  al.  2003)  for  raloxifene-resistant  tumor  cells  where  the  growth  of  raloxifene- 
resistant  MCF-7/Ral  cells  in  vitro  and  in  vivo  was  repressed  by  estradiol  via  mechanism 
involving  increased  Fas  expression  and  decreased  NF-kB  activity.  Furthermore,  MCF-7  cells 
deprived  of  estrogen  for  up  to  24  months  (MCF-7LTED)  in  vitro  expressed  high  levels  of  Eas 
compared  to  the  parental  MCE-7  cells,  which  do  not  express  Eas  and  treatment  of  the  MCE- 
7/LTED  cells  with  estradiol  resulted  in  a  marked  increase  in  Eas  ligand  (EasL)  in  these  cells 
(Song  et  al.  2001).  It  was  also  noted  that  mitochondrial  pathway  could  play  a  role  in 
mediating  estrogen  induced  apoptosis  as  the  basal  expression  levels  of  Bcl-2  were  higher  in 
these  cells  than  in  the  parental  MCE-7  cells.  Estradiol  induced  apoptosis  occurs  in  a  LTED 
breast  cancer  cell  line  named  MCE-7:5C  by  neutralization  of  the  Bcl-2/ Bcl-XL  proteins,  and 
upregulation  of  proapoptotic  proteins  such  as  Bax,  Bak  and  Bim,  which  proves  the  role  of 
intrinsic  mitochondrial  pathway  (Lewis  et  al.  2005)  (Eigure  2). 

In  MCE-7:5C  cells  the  expression  of  several  pro-apoptotic  proteins  —  including  Bax,  Bak, 
Bim,  Noxa,  Puma,  and  p53  — are  markedly  increased  with  estradiol  treatment  and  blockade 
of  Bax  and  Bim  expression  using  siRNAs  almost  completely  reversed  the  apoptotic  effect  of 
estradiol.  Estradiol  treatment  also  led  to  a  loss  of  mitochondrial  potential  and  a  dramatic 
increase  in  the  release  of  cytochrome  c  from  the  mitochondria,  which  resulted  in  activation 
of  caspases  and  cleavage  of  PARP.  Eurthermore,  overexpression  of  anti-apoptotic  BcI-xl  was 
able  to  protect  MCE-7:5C  cells  from  estradiol-induced  apoptosis.  This  particular  study  was 
the  first  to  show  a  link  between  estradiol-induced  cell  death  and  activation  of  the 
mitochondrial  apoptotic  pathway  using  a  breast  cancer  cell  model  resistant  to  estrogen 
withdrawal  (Lewis  et  al.  2005).  Besides  the  action  on  the  mitohodrial  pathway,  Bcl-2 
overexpression  increases  cellular  glutathione  (GSH)  level  which  is  associated  with  increased 
resistance  to  chemotherapy-induced  apoptosis  (Voehringer  1999).  GSH  is  a  water-soluble 
tripeptide  composed  of  glutamine,  cysteine,  and  glycine.  It  is  the  most  abundant 
intracellular  small  molecule  thiol  present  in  mammalian  cells  and  it  serves  as  a  potent 
intracellular  antioxidant  protecting  cells  from  toxins  such  as  free  radicals  (Schroder  et  al. 
1996;  Anderson  et  al.  1999).  Changes  in  GSH  homeostasis  have  been  implicated  in  the 
etiology  and  progression  of  some  diseases  and  breast  cancer  (Townsend  et  al.  2003)  and 
studies  have  shown  that  elevated  levels  of  GSH  prevent  apoptotic  cell  death  whereas 
depletion  of  GSH  facilitates  apoptosis  (Anderson  et  al.  1999).  Our  laboratory  has  found 
evidence  which  suggests  that  GSH  participates  in  retarding  apoptosis  in  antihormone- 
resistant  MCE-7:2A  human  breast  cancer  cells,  which  have  ~60%  elevated  levels  of  GSH 
compared  to  wild-type  MCE-7  cells  and  unable  to  undergo  estrogen-induced  apoptosis 
within  1  week  unlike  MCE-7:5C  cells,  and  that  depletion  of  GSH  by  100  \xM  of  L-buthionine 
sulfoximine  (BSO),  a  potent  inhibitor  of  glutathione  biosynthesis,  sensitizes  these  resistant 
cells  to  estradiol-induced  apoptosis  (Lewis-Wambi  et  al.  2008).  However,  the  question  arises 
as  to  the  actual  mechanism  of  the  apoptotic  trigger  mediated  by  the  ER  complex. 

5.  Structure-function  relationship  studies  for  deciphering  estrogen-induced 
apoptosis 

The  fact  that  SERMs  do  not  affect  the  spontaneous  growth  of  MCE-7:5C  cells,  but  can 
completely  block  estradiol-induced  apoptosis,  was  an  important  clue  that  the  shape  of  the 
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ER  can  be  modulated  to  prevent  apoptosis.  Extensive  structure-function  relationship  studies 
were  initially  used  to  develop  a  molecular  model  of  estrogen  and  antiestrogen  action 
(Lieberman  et  al.  1983;  Jordan  et  al.  1984;  Jordan  et  al.  1986).  The  hypothetical  model 
presumed  the  envelopment  of  a  planar  estrogen  within  the  ligand-binding  domain  (LED)  of 
the  ER  complex.  In  contrast,  the  three-dimensional  triphenylethylene  binding  in  the  LED 
cavity  prevents  full  ER's  activation  by  keeping  the  LED  open.  This  structural  perturbation  of 
the  ER  complex  is  achieved  by  a  correctly  positioned  bulky  side  chain  on  the  SERM.  This 
model  was  enhanced  by  the  subsequent  studies  to  solve  the  X-ray  crystallography  of  the 
LED  ER's  bound  with  an  estrogen  or  an  antiestrogen  (Erzozowski  et  al.  1997;  Shiau  et  al. 
1998).  The  LED  of  ERa  is  formed  by  H2-H11  helices  and  the  hairpin  p-sheet,  while  H12,  in 
the  agonist  bound  conformation  closes  over  the  LED  cavity  filled  with  E2.  E2  is  aligned  in 
the  cavity  by  hydrogen  bonds  at  both  ends  of  the  ligand,  particularly  the  3-OH  group  at  the 
A-ring  end  of  E2.  This  allows  hydrophobic  van  der  Waals  contacts  along  the  lipophilic  rings 
of  E2,  in  particular  between  Phe404  and  E2's  A-ring,  to  promote  a  low  energy  conformation 
(Erzozowski  et  al.  1997).  This  results  in  sealing  of  the  ligand-binding  cavity  by  H12,  and 
exposes  the  AE-2  motif  at  the  surface  of  the  receptor  for  interaction  with  coactivators  to 
promote  transcriptional  transactivation.  In  contrast,  4-hydroxy  tamoxifen  binds  to  ER's  LED 
to  block  the  closure  of  the  cavity  by  relocating  H12  away  from  the  binding  pocket,  thus 
preventing  coactivator  molecules  from  binding  to  the  appropriate  site  on  the  external 
surface  of  the  complex,  which  produces  an  antiestrogenic  effect  (Shiau  et  al.  1998). 
Therefore,  it  is  the  external  shape  of  the  ERs  that  is  being  modulated  by  the  ligand  which 
dictates  the  binding  of  coactivator  molecules.  In  other  words,  the  shape  of  the  ligand 
actually  causes  the  receptor  to  change  shape  and  programs  the  ER  complex  to  be  able  to 
bind  coregulator  molecules.  However,  the  simple  model  of  a  coregulator  controlling  the 
biology  of  an  ER  complex  is  not  that  simple.  The  modulation  of  the  estrogen  target  gene  is  in 
fact,  regulated  by  a  dynamic  process  of  assembly  and  destruction  of  transcription  complex 
at  the  promoter  site  of  a  target  gene.  After  ER  is  bound  to  an  agonist  ligand,  its  conformation 
changes  allowing  coregulator  molecules  to  bind  to  the  complex,  for  example,  SRC-3.  SRC-3 
is  a  core  coactivator  that  also  attracts  other  coregulators  that  do  not  directly  bind  to  ER,  such 
as  p300/CEP  histone  acetyltransf erase,  CARMl  methyltransf erase,  and  ubiquitin  ligases 
UbC  and  UbL.  All  of  these  coregulators  perform  specific  subreactions  within  the  protein 
complex  of  ER  and  DNA  necessary  for  transcription  of  target  genes,  such  as  chromatin 
remodeling  through  methylation  and  acetylation  modifications,  and  also  direct  their 
enzymatic  activity  towards  adjacent  factors,  which  promote  dissociation  of  the  coactivator 
complex  and  subsequent  ubiquitinilation  of  select  components  for  proteosomal  degradation. 
As  a  result,  this  allows  the  next  cycle  of  coactivator-receptor-DNA  interactions  to  proceed 
and  the  binding  and  degradation  of  transcription  complexes  sustaining  the  gene 
transcription  (Lonard  et  al.  2000).  However,  although  AE-2  is  deactivated  by  40HTAM,  the 
40HTAM:ERa  complex  has  estrogen-like  activity  (Levenson  et  al.  1998),  whereas  raloxifene 
does  not  (Levenson  et  al.  1997).  This  is  believed  to  be  because  the  side  chain  of  raloxifene 
shields  and  neutralizes  asp351  to  block  estrogen  action  (Levenson  and  Jordan  1998).  In 
contrast  the  side  chain  of  tamoxifen  is  too  short.  It  appears  that  when  helix  12  is  not 
positioned  correctly  the  exposed  asp351  can  interact  with  AE-1  to  produce  estrogen  action. 
This  estrogen-like  activity  can  be  inhibited  by  substituting  asp351  for  glycine  an  uncharged 
amino  acid  (MacGregor  Schafer  et  al.  2000).  However,  knowledge  of  the  structure  of  the 
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40HTAM:  ER  LBD  complex  (Shiau  et  al.  1998)  led  to  the  idea  that  all  estrogens  may  not  be 
the  same  in  their  interactions  with  ER  (Jordan  et  al.  2001).  Previous  studies  suggest  that  non- 
planar  TPEs  with  a  bulky  phenyl  substituent  prevents  helix-12  from  completely  sealing  the 
LBD  pocket  (Jordan  et  al.  2001).  This  physical  event  creates  a  putative  'anti-estrogen  like' 
configuration  within  the  complex.  However,  the  complex  is  not  anti-estrogenic  because 
Asp351  is  exposed  to  communicate  with  AE-l  thus  causing  estrogen-like  action.  Therefore, 
there  are  putative  Class  I  (planar)  and  Class  II  (non-planar)  estrogens  (Jordan  et  al.  2001).  A 
similar  classification  and  conclusion  has  been  proposed  (Gust  et  al.  2001),  but  the  biological 
consequences  of  this  classification  were  unknown  until  recently. 

To  further  address  the  hypothesis  that  the  shape  of  the  ER  complex  can  be  controlled  by  the 
shape  of  an  estrogen,  and  thereby  altering  its  functional  properties,  such  as  induction  of 
apoptosis,  a  range  of  hydroxylated  TPEs  was  synthesized  (Eigure  3)  to  establish  new  tools  to 
investigate  the  relationship  of  shape  with  estrogenic  activity  through  the  exposure  of  asp351 
(Maximov  et  al.  2010). 


Synthesized  non-steroidal  estrogens 


Eig.  3.  Synthesized  class  II  non-steroidal  estrogens.  All  estrogens  are  hydroxylated 
derivatives  of  triphenylethylene;  1  -  3-hyrdoxytriphenyIethyIene  (30HTPE), 

2-  bisphenoltripenylethylene,  3  -  E-dihydroxytriphenylethylene, 

4-  Z-dihydroxytriphenylethylene,  5-  ethoxytripenylethylene,  and  Endoxifen  (a  metabolite  of 
the  antiestrogenic  triphenylethylene  tamoxifen  with  high  affinity  for  the  estrogen  receprtor). 

We  compared  and  contrasted  the  estrogen-like  properties  of  the  hydroxylated  TPEs  to 
promote  proliferation  in  the  ERa-positive  human  breast  cancer  cell  line  MCE-7:WS8  cells 
(Eigure  4A),  which  are  hypersensitive  to  the  proliferative  actions  of  E2.  Compounds  were 
compared  with  the  tamoxifen  metabolites  4-OHT  and  endoxifen.  Results  show  that  our 
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MCF-7:WS8  human  breast  cancer  cells  were  exquisitely  sensitive  to  E2  which  produced  a 
concentration-dependent  increase  in  growth,  and  all  of  the  TPE's  were  potent  agonists  with 
the  ability  to  stimulate  MCE-7:WS8  breast  cancer  cell  growth,  however,  their  agonist 
potency  was  less  compared  to  E2.  The  metabolites,  4-OHT  and  endoxifen,  had  no  significant 
agonist  effect  in  MCE-7:WS8  cells,  however,  these  compounds  at  1  gM  were  able  to 
completely  inhibit  estradiol-stimulated  MCE-7:WS8  breast  cancer  cell  growth,  thus 
confirming  their  role  as  antiestrogens  (data  not  shown).  To  determine  the  ability  of  the  test 
TPEs  to  activate  the  ER,  MCE-7:WS8  cells  were  transiently  transfected  with  an  ERE- 
luciferase  reporter  gene  encoding  the  firefly  reporter  gene  with  5  consecutive  Estrogen 
Responsive  Elements  (EREs)  under  the  control  of  a  TATA  promoter.  The  binding  of  ligand- 
activated  ER  complex  at  the  EREs  in  the  promoter  of  the  luciferase  gene  activates 
transcription.  The  measurement  of  the  luciferase  expression  levels  permits  a  determination 
of  agonist  activity  of  the  TPE:ER  complex.  All  the  phenolic  TPEs  were  estrogenic  and 
induced  the  increase  of  ERE-lucif erase  activity,  but  were  less  potent  compared  to  E2.  To 
confirm  and  advance  the  hypothesis  that  the  shape  of  the  estrogen  ER  complex  was  different 
for  planar  and  nonplanar  (TPE  -like)  estrogens,  series  of  tested  phenolic  TPEs  were 
evaluated  in  the  ER-negative  breast  cancer  cell  line  T47D:C42  (Pink  et  al.  1996)  which  was 
transiently  transfected  with  an  ERE  luciferase  plasmid  and  either  the  wild-type  ER  or  the 
D351G  mutant  ER  plasmids.  Previously  it  was  found  that  the  mutant  D351G  ER  completely 
suppressed  estrogen-like  properties  of  4-OHT  at  an  endogenous  TGEa  target 
gene  (MacGregor  Schafer  et  al.  2000).  We  established  that  in  the  presence  of  the  wild-type  ER 
all  of  the  tested  TPE  compounds  were  potent  agonists  with  the  ability  to  significantly 
enhance  ERE  luciferase  activity  (Eigure  4C).  In  contrast,  when  the  D351G  mutant  ER  gene 
was  transfected  with  the  ERE  luciferase  reporter  only  the  planar  E2  was  estrogenic  whereas 
the  TPEs  did  not  activate  the  ERE  reporter  gene  (Eigure  4D).  These  results  confirm  the 
importance  of  Asp351  in  ER  activation  by  TPE  ligands  to  trigger  estrogen  action.  To  further 
confirm  the  hypothesis,  the  best  'Tits"  of  the  tested  TPEs  and  endoxifen,  obtained  from 
docking  simulations  ran  against  the  antagonist  conformation  of  the  ER,  were  superimposed 
on  the  experimental  agonist  conformation  of  the  ER.  Overall  the  TPEs  are  unlikely  to  be 
accommodated  in  the  agonist  conformation  of  the  ER  due  to  the  sterical  clashes  between 
"Leu  crown",  mostly  Leu525  and  Leu540,  helix  12  and  ligands,  indicating,  that  these  ligands 
most  likely  bind  to  ER's  conformation  more  closely  related  with  the  antagonist  form.  X-ray 
crystallography  of  ER-40HTAM  and  ER-Raloxifene  complexes,  demonstrating  that  the 
presence  of  the  alkyaminoethoxy  sidechain  of  40HTAM  is  crucial  for  the  ER  to  gain  an 
antagonistic  conformation  by  displacing  the  H12  of  the  receptor  by  40HTAM's  bulky 
sidechain,  thus  preventing  the  binding  of  the  coactivators  (Shiau  et  al.  1998).  The  absence  of 
the  alkyaminoethoxy  sidechain  on  the  tested  TPEs  does  not  allow  these  compounds  to  act  as 
antiestrogens,  like  4-OHT  or  endoxifen,  which  posseses  the  alkyaminoethoxy  sidechain 
(Shiau  et  al.  1998).  However,  the  fact  that  these  TPEs  were  able  to  significantly  induce 
growth  and  ERE  activation  in  MCE-7:WS8  cells  demonstrated  that  they  are  still  full  agonists, 
despite  the  changes  in  biological  potencies  of  the  tested  TPEs,  due  to  repositioning  of  the 
hydroxyl  groups  and  addition  of  the  ethoxy  group.  Thus  cell  growth  is  a  very  sensitive 
property  of  the  ligandiER  complex  and  can  occur  minimally  with  an  AE-1  function  alone  in 
the  case  of  TPEs  but  also  with  the  possibility  for  interacting  with  a  perturbated  LED.  40HT 
does  not  stimulate  growth  so  possibly  a  corepressor  binds  in  the  case  of  a  SERMiER 
complex.  An  interesting  aspect  of  the  study  (Maximov  et  al.  2010)  is  the  importance  of 
Asp351  in  activation  of  the  ER  thereby  acting  as  a  molecular  test  for  the  presumed  structure 
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Fig.  4.  A:  Agonist  activity  in  MCF-7:WS8  cells  of  synthesized  TPEs  and  E2  and  anti¬ 
estrogens  4-OHT  and  Endoxifen;  B:  E2  induces  apoptosis  in  long-term  estrogen  deprived 
MCE-7:5C  cells  and  synthesized  TPEs  are  unable  to  act  as  full  agonists  resembling  more 
anti-estrogens  4-OHT  and  Endoxifen;  C:  E2  and  all  TPEs  are  able  to  increase  the  activity  of 
luciferase  in  T47D:C4:2  cells  transiently  transfected  with  wild-type  ER  DNA  construct;  D:  E2 
is  the  only  agonist  in  D351G  ER  mutant  T47D:C4:2  cells,  as  TPEs  are  unable  to  increase  the 
luciferase  activity  in  cells  expressing  the  mutant  form  of  ER,  indicating  the  importance  of 
Asp351  of  the  ER  for  activation  with  non-planar  TPEs. 


of  the  TPE:ER  complex.  Based  on  the  X-ray  crystallography  of  the  ER  in  complex  with 
40HTAM  (Shiau  et  al.  1998)  and  raloxifene  (Brzozowski  et  al.  1997),  it  was  determined  that 
the  basic  side  chains  of  these  antiestrogens  are  in  proximity  of  Asp351  in  the  ER.  It  was 
hypothesized  that  this  interaction  with  raloxifene  actually  neutralizes  and  shields  Asp351 
preventing  it  from  interacting  with  ligand-independent  activating  function  1  (AE-1).  In 
contrast,  40HTAM  possesses  some  estrogenic  activity,  because  the  side  chain  is  too  short 
(Shiau  et  al.  1998).  Substitution  of  Asp351  with  Glycine  which  is  a  non-charged  aminoacid, 
leads  to  loss  of  estrogenic  activity  of  the  ER  bound  with  40HTAM  (MacGregor  Schafer  et  al. 
2000;  Levenson  et  al.  2001).  Results  from  ERE  luciferase  assays  in  T47:C4:2  cells  transiently 
transfed  with  wild  type  and  D351G  mutant  ER  expression  plasmids  demonstrated  that  wild 
type  ER  was  activated  by  all  of  the  tested  TPEs,  however  substitution  of  Asp351  by  Gly 
prevented  the  increase  of  ERE  luciferase  activity  by  all  TPEs  and  only  planar  E2,  which  does 
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not  interact  with  Asp351  at  all,  or  exposes  it  on  the  surface  of  the  complex,  was  able  to 
activate  ERE  in  D351G  ER  transfected  cells.  This  confirms  and  expands  the  classification  of 
estrogens,  where  planar  estrogens  such  as  E2  are  classified  as  class  I  and  all  TPE-related 
estrogens  are  classified  as  class  II  estrogens  based  on  the  mechanism  of  activation  of  the  ER 
(Jordan  et  al.  2001). 

Eurther  we  tested  the  hypothesis  that,  the  shape  of  the  ER  complex  with  either  planar 
estrogens  (Class  I)  or  angular  estrogens  (Class  II),  can  modulate  the  apoptotic  actions  of 
estrogen  through  the  shape  of  the  resulting  complex.  In  this  study  MCE-7:5C  cells  were 
employed  to  investigate  the  actions  of  4-OHT  and  our  model  TPEs  on  estradiol-induced 
apoptosis.  As  estrogen-induced  apoptosis  can  be  reversed  in  a  concentration  related  manner 
by  the  nonsteroidal  antiestrogen  4-OHT,  paradoxically,  all  tested  TPEs  were  able  to  reverse 
the  apoptotic  effect  of  estradiol  in  MCE-7:5C  cells,  at  the  same  time  the  tested  TPEs  alone 
were  not  able  to  induce  apoptosis  in  these  cells  significantly  (Eigure  4B).  However,  the 
tested  TPEs  have  still  retained  their  ability  to  induce  ERE-Iucif erase  activity  in  MCE-7:5C 
cells,  indicating  that  these  compounds  are  still  agonists  of  the  ER  in  these  cells,  but 
biologically  acted  as  antagonists.  Besides  differences  in  biological  effects  of  TPEs  in  MCE-7 
cells  and  MCE-7:5C  cells,  biochemical  effects  of  tested  TPEs  on  ER  complex  similar  to  those 
with  4-OHT  were  studied.  4-OHT  is  known  to  retard  the  destruction  of  the  4-OHT  ER 
complex  (Pink  and  Jordan  1996;  Wijayaratne  and  McDonnell  2001).  Similarly,  the  TPEs  do 
not  facilitate  the  rapid  destruction  of  the  TPEiER  complex,  as  it  was  shown  via  Western 
blotting  that  the  TPEiER  levels  are  analogous  to  4-OHT:ER  levels  rather  than  estradiol  ER- 
like,  where  ER  is  rapidly  degraded.  As  it  was  noted  previously,  ER  degradation  plays  a 
crucial  role  in  estrogen-mediated  gene  expression.  It  was  previously  shown  that  ER  protein 
degradation  is  proteosome  mediated  (Lonard  et  al.  2000;  Reid  et  al.  2003),  and  ER 
coactivator  SRC3/AIB1  links  the  transcriptional  activity  of  the  receptor  and  its  proteosome 
degradation  (Shao  et  al.  2004).  Our  results  indicate  that  the  transcriptional  activity  of  ER, 
based  on  qRT-PCR  results,  is  similar  on  the  pS2  gene  in  both  MCE-7:WS8  cells  and  MCE- 
7:5C  cells  with  the  tested  TPE  compounds,  and  based  on  our  ChIP  assay  results  for 
evaluating  the  ER's  recruitment  on  the  pS2  gene  promoter,  the  E2:ER  complex  has  robust 
binding  in  the  promoter  region  and  SRC-3  is  detected  presumably  bound  to  the  ER  complex, 
however,  4-OHT:ER  complexes  only  have  modest  binding  of  ERa  and  virtually  no  SRC-3  in 
the  promoter  region,  at  the  same  time,  the  TPEs  permit  some  binding  of  the  TPEiER 
complexes  in  the  promoter  region  but  there  are  lower  levels  of  SRC-3  and  a  reduced  ability 
to  stimulate  PS2  mRNA  synthesis  (Eigure  5). 

We  believe  that  the  changed  conformation  of  the  TPEiER  complex,  prevents  the  complete 
closure  of  H12  over  the  ligand-binding  cavity  and  thus  does  not  allow  co-activators  to  bind 
to  the  incompletely  open  AE-2  motif  on  the  ER's  surface.  Indeed,  LeCIercq's  group 
(Bourgoin-Voillard  et  al.  2010)  have  recently  confirmed  and  extended  our  molecular 
classifications  of  estrogens,  with  a  larger  series  of  compounds  and  have  also  shown  that  an 
angular  TPE  does  not  cause  the  destruction  of  the  ER  complex  in  a  manner  analogous  to 
estradiol  when  MCE-7  cells  are  examined  by  immunohistochemistry  for  the  ER,  and  that  the 
putative  Class  II  estrogens  that  do  not  permit  the  appropriate  sealing  of  the  LBD  with  helix 
12  do  not  efficiently  bind  co-activators,  therefore  our  respective  studies  are  in  agreement. 

In  summary,  the  proposed  hypothesis  that  the  TPE-ER  complex  significantly  changes  the 
shape  of  the  ER  to  adopt  a  conformation  that  mimics  that  adopted  by  4-OHT  when  it  binds 
to  the  ER.  A  co-activator  now  has  difficulty  in  binding  to  the  TPE-ER  complex 
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appropriately,  but  whereas  this  does  affect  cell  replication,  it  dramatically  impairs  the  events 
that  must  be  triggered  to  cause  apoptosis.  Future  studies  will  confirm  or  refute  our 
hypothesis  based  upon  the  known  intrinsic  activity  of  mutant  ERs  and  their  capacity  to 
investigate  estrogen- tar  get  genes. 


ChIPiER  alpha 
0-PCR:  pS2  promoter 


E2  3-OHTPE  Ethox-TPE  4-OHT 


ChIPiER  alpha 
0-PCR:  pS2  promoter 


A. 


ChlP:SRC3  (AIBl) 
0-PCR:  pS2  promoter 


ChlP:SRC3  (AIBl) 
0-PCR:  pS2  promoter 


B.  D. 

Fig.  5.  A&B:  ChIP  analysis  performed  in  MCF-7:WS8  cells  with  pS2  promoter  region  was 
pulled  down  via  anti-ERa  antibody  (A)  and  anti-SRC3/AIBl  antibody  (B);  C&D:  ChIP 
analysis  performed  in  MCF-7:5C  cells  with  pS2  promoter  region  pulled  down  via  anti-ERa 
antibody  (C)  and  anti-SRC3/  AIBl  antibody  (D).  All  results  indicate  that  in  both  cell  lines 
tested  TPEs  and  E2  recruit  ERa  complex  to  the  pS2  promoter  region,  but  interestingly,  class 
II  estrogens  are  unable  to  co-recruit  sufficient  amount  of  SRC-3  co-activator,  unlike  E2. 

6.  Relevance  to  current  clinical  research 

Laboratory  studies  show  that  low  concentrations  of  estrogen  can  cause  apoptotic  death  of 
breast  tumor  cells,  following  estrogen  deprivation  with  antihormonal  treatment.  This  has 
translated  very  well  into  the  clinic,  and  recent  clinical  trials  have  demonstrated  that  low- 
dose  estrogen  treatment  can  effectively  be  utilized  after  the  formation  of  resistance  to 
antihormonal  treatment.  Ellis  and  colleagues  (Ellis  et  al.  2009)  have  shown,  that  a  daily  dose 
of  6  mg  of  estradiol  could  stop  the  growth  of  tumors  or  even  cause  them  to  shrink  in  about 
25%  of  women  with  metastatic  breast  cancer  that  had  developed  resistance  to  antihormonal 
therapy.  At  the  same  time,  these  results  correlate  with  earlier  results  obtained  by  Loenning 
and  coworkers  (Lonning  et  al.  2001),  who  have  studied  the  efficacy  of  high  dose  of  DES  on 
the  responsiveness  of  metastatic  breast  cancer  following  exhaustive  antihormonal  treatment 
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with  tamoxifen,  aroma tase  inhibitors  and  etc.  4  out  of  32  patients  had  complete  responses 
(Lonning  et  al.  2001)  and  1  patient  after  5  year  treatment  with  DES  had  no  recurrence  for  a 
following  6  years  (Lonning  2009).  The  question  at  that  moment  remains  whether  estrogen  at 
physiologic  concentrations  can  be  efficient  as  antitumor  agent  in  estrogen-deprived  breast 
tumors.  As  mentioned  previously,  Ellis  and  co workers  have  demonstrated  that  an 
equivalent  clinical  benefit  for  high  (30  mg  daily)  and  low  (6  mg  daily)  dose  of  estradiol  in 
metastatic  breast  cancer  patients  who  had  failed  aromatase  inhibitor  therapy,  which  is  long¬ 
term  estrogen  deprivation.  Overall,  the  results  demonstrate  that  low  dose  estrogen  therapy 
has  fewer  systemic  sideffects,  but  the  same  efficacy  as  a  treatment  for  long-term 
antihormone  resistant  breast  cancer  as  high  dode  estrogen  therapy.  This  can  be  seen  as 
"'replacement  with"  physiologic  estrogen  to  premenopausal  levels.  The  benefit-risk  ratio  is 
in  favor  of  low-dose  estrogen  therapy.  These  results  correlate  well  with  results  from  WHI 
trial  of  estrogen-replacement  therapy  (ERT)  in  hysterectomized  postmemopausal  women 
(LaCroix  et  al.  2011).  The  WHI  results  show  a  sustained  reduction  in  the  incidence  of  breast 
cancer  in  postmenopausal  women  up  to  5  years  after  the  intervention  with  conjugated  equine 
estrogens  for  5  years  prior.  It  was  demonstrated  that  the  group  of  patients  receiving 
conjugated  equine  estrogens  had  incidence  of  breast  cancer  0.27%  in  comparison  to  the  control 
group  of  patients  the  incidence  was  0.35%.  The  idea  that  woman's  own  estrogen  can  act  as  an 
antitumor  agent  after  estrogen-deprivation  to  prevent  metastization  and  tumor  growth  (Wolf 
and  Jordan  1993)  has  lead  to  incorporation  into  the  Study  of  Letrozole  Extension  (SOLE)  trial. 
This  trial  is  addressing  the  question  whether  regular  drug  holy  days  can  decrease  recurrence  of 
breast  cancer  by  physiologic  estrogen  after  deprivation  with  aromatase  inhibitor  letrozole. 
Subsequent  trials  may  have  to  use  ERT  for  a  few  weeks  to  trigger  apoptosis. 

7.  Conclusion 

Taken  together,  the  demonstrations  of  the  apoptotic  actions  of  estrogen  as  a  potential 
anticancer  agent  in  postmenopausal  breast  cancer  patients,  now  provides  a  rationale  to 
further  explore  and  decipher  mechanisms  of  estrogen-induced  apoptosis.  There  is  a 
possibility  that  future  studies  on  the  molecular  mechanism  of  estrogen-induced  apoptosis 
will  help  to  indentify  new  more  safer  and  specific  agents  for  breast  cancer  therapy. 
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Abstract 

Translational  research  for  the  treatment  and  prevention  of 
breast  cancer  depends  upon  the  four  M  s:  models,  molecules, 
and  mechanisms  in  order  to  create  medicines.  The  process, 
to  target  the  estrogen  receptor  (ER)  in  estrogen-dependent 
breast  cancer,  has  yielded  significant  advances  in  patient  sur¬ 
vivorship  and  the  first  approved  medicines  (tamoxifen  and 
raloxifene)  to  reduce  the  incidence  of  any  cancer  in  high-  or 
low-risk  women.  This  review  focuses  on  the  critical  roleof  the 
few  ER-positivecell  lines  (M  CF-7,  T47D,  BT474,  ZR-75-1) 
that  continue  to  advance  our  understanding  of  the  estrogen- 
regulated  biology  of  breast  cancer.  More  importantly,  the 
model  cell  lines  have  provided  an  opportunity  to  document 
the  development  and  evolution  of  acquired  antihormone 
resistance.  The  description  of  this  evolutionary  process  that 
occurs  in  micro  metastatic  disease  during  up  to  a  decade  of 
adjuvant  therapy  would  not  be  possible  in  the  patient.  The  use 
of  the  M  CF-7  breast  cancer  cell  line,  in  particular,  has  been 
instrumental  in  discovering  a  vulnerability  of  ER-positive 
breast  cancer  exhaustively  treated  with  anti  hormone  therapy. 
Physiologic  estradiol  acts  as  an  apoptotic  trigger  to  cause 
tumor  regression.  These  unanticipated  findings  in  the  labora¬ 
tory  have  translated  to  clinical  advances  in  our  knowledge  of 
the  paradoxical  role  of  estrogen  in  the  life  and  death  of  breast 
cancer. 
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Introduction 

The  past  four  decades  have  witnessed  the  successful  evolu¬ 
tion  of  effective  breast  cancer  therapies  as  scientific  research 
has  translated  into  clinical  practice.  Breast  cancer  therapy 
began  its  story  with  combination  cytotoxic  chemotherapy. 
Chemotherapy,  though  able  to  create  complete  responses  in 
some  cases  of  breast  cancer,  works  non-specifically,  caus¬ 
ing  harmful  and  sometimes  intolerable,  life-threatening  side 
effects.  Antiestrogen  therapies,  by  contrast,  provide  signifi¬ 
cant  therapeutic  improvement  by  focusing  on  a  target,  the 
tumor  estrogen  receptor  (ER)  [Ij.  It  is  important  to  point 
out  that  the  ER  was  initially  used  not  as  a  therapeutic  tar¬ 
get,  but  as  a  predictor  of  response  to  endocrine  ablation, 
such  as  oophorectomy  [2].  The  innovation  of  targeting  the 
tumor  ER  specifically  using  the  non-steroidal  antiestrogen 
tamoxifen  (Figure  1)  [3]  ultimately  changed  the  prognosis  of 
women  with  breast  cancer  by  proposing  two  new  treatment 
strategies:  a  new  approach  to  therapy  with  long-term  early 
adjuvant  tamoxifen  treatment  following  surgery  and,  subse¬ 
quently,  the  possibility  of  using  tamoxifen  for  chemopreven- 
tion  [1,  2].  In  both  cases,  the  target  would  be  the  ER,  to  be 
blocked  by  tamoxifen. 

Tamoxifen  isapproved  by  theFood  andDrugAdministration 
(FDA)  to  treat  node-positive  and  node-negative  breast  cancer 
patients  with  long-term  adjuvant  therapy  and  is  approved  to 
lower  the  incidence  of  breast  cancer  in  high-risk  pre-  and  post¬ 
menopausal  women.  In  both  applications,  clinical  trials  estab¬ 
lished  and  confirmed  that  patients  with  ER-positive  breast 
cancer  are  the  ones  who  benefit.  T umors  that  are  E  R-negative 
do  not  respond  to  tamoxifen.  In  addition  to  blocking  estro¬ 
gen's  binding  to  its  receptor,  another  means  of  limiting  estro¬ 
genic  activity  in  breast  tissue  is  by  blocking  the  synthesis  of 
estrogen.  Aromatase  inhibitors  block  estrogen's  conversion 
from  its  androgen  precursor  thereby  limiting  the  production  of 
estrogen  [4,  5].  This  approach  has  proven  beneficial  clinically 
with  fewer  side  effects  than  tamoxifen  and  improvements  in 
recurrence  rates  and  survival  for  postmenopausal  patients 
[6-9]. 

The  benefit  of  anti  hormone  (data  primarily  from  tamox¬ 
ifen  trials)  therapy  targeted  to  the  ER  is  impressive  in  terms 
of  both  recurrence-free  survival  and  decreases  in  mortality 
[7,  10].  Millions  of  women  now  live  longer,  healthier  lives 
based  on  the  application  of  translational  research  [1].  Women 
of  any  age  with  ER-positive  tumors  experience  an  approxi¬ 
mately  30%  mortality  reduction  when  treated  with  long-term 
(5  year)  adjuvant  tamoxifen  [7, 10].  Postmenopausal  women, 
however,  receive  greater  clinical  benefit  with  aromatase 
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inhibitors  rather  than  tamoxifen,  in  terms  of  iower  breast 
cancer  recurrence  rates  and  fewer  side  effects  [6].  A  romatase 
inhibitors  can  be  used  instead  of  tamoxifen  for  5  years,  after 
tamoxifen  for  5  years,  or  by  switching  to  an  aromatase  inhibi¬ 
tor  after  a  year  or  two  of  tamoxifen.  The  important  principie 
is  to  ensure  compi  iance  so  that  at  least  5  years  of  anti  hormone 
treatment  is  used. 

Breast  cancer  prevention  triais  buiit  on  the  previous  clini¬ 
cal  experience  with  tamoxifen  to  demonstrate  tamoxifen's 
efficacy  in  preventing  ER-positive  invasive  breast  cancer  in 
women  at  high-risk  [11].  However,  few  high-risk  women  ben¬ 
efit  from  population- based  chemoprevention  with  tamoxifen, 
while  many  are  exposed  to  side  effects  such  as  endometrial 
cancer  and  thromboembolic  events  [12],  Asa  result,  a  para¬ 
digm  shift  occurred  with  the  finding  that  nonsteroidal  anties¬ 
trogens  are,  in  fact,  selective  ER  modulators  (SERMs),  The 
laboratory  discovery  that  SERM  s  can  maintain  bone  density 
but  prevent  mammary  carcinogenesis  led  to  the  idea  of  treat¬ 
ing  osteoporosis  while  preventing  breast  cancer  at  the  same 
time  [13-15].  It  is  fair  to  say  that  the  laboratory  finding  [16] 
that  tamoxifen  increases  the  growth  of  human  endometrial 
cancer  but  stops  the  growth  of  breast  cancer,  and  its  subse¬ 
quent  clinical  confirmation  [16, 17]  really  stressed  the  need  to 
find  a  new  chemopreventive  medicine.  Raloxifene  is  a  drug 
similar  in  structure  to  tamoxifen  (Figure  1),  which  is  now 
prescribed  indefinitely  as  a  medicine  to  prevent  osteoporosis, 
offering  a  beneficial  side  effect  of  breast  cancer  prevention 
in  postmenopausal  women  [18,  19].  Additionally,  raloxifene 


is  FDA-approved  as  a  prevention  strategy  to  reduce  the  inci¬ 
dence  of  ER-positive  breast  cancer  in  at-risk  postmenopausal 
women  without  increasing  the  incidence  of  endometrial  can¬ 
cer  as  occurs  with  tamoxifen  [20,  21].  Figure  1  illustrates 
the  structures  of  estradiol,  raloxifene,  tamoxifen,  and  related 
metabolites. 

With  this  brief  clinical  background  of  progress  in  the  qual¬ 
ity  of  life  and  survivorship  for  women  with  breast  cancer, 
and  the  practical  progress  in  reducing  the  incidence  of  breast 
cancer,  several  principles  emerge  to  focus  laboratory  efforts 
to  enhance  further  advances,  Long-term  therapy  is  the  key 
to  successful  increases  in  survivorship,  and  only  ER-positive 
tumors  are  responsive  to  anti  hormone  therapy.  However, 
because  of  the  finding  that  5  or  more  years  of  therapy  can 
control  recurrences  of  the  growth  of  micrometastatic  primary 
breast  cancer,  it  is  acquired  resistance  to  anti  hormone  therapy 
that  must  be  addressed.  M  odels  must  replicate  clinical  experi¬ 
ence  with  the  ER-positive  tumor.  The  surviving  cells  whose 
growth  is  not  blocked  by  antihormones  have  the  plasticity 
to  respond  to  treatment  in  a  Darwinian  model  of  continued 
growth  and  replication. 

We  will  first  describe  the  limited  types  of  ER-positive 
breast  cancer  cells  available  to  the  scientific  community 
and  the  strategies  used  in  the  laboratory  to  create  models  to 
mimic  clinical  experience,  i.e.,  years  of  antihormone  ther¬ 
apy.  Through  the  creation  of  reproducible  models,  mecha¬ 
nisms  can  be  deciphered  to  apply  to  new  clinical  treatment 
strategies. 


Tamoxifen 
Originally  ICI  46,474 
a  failed  ‘'morning  after"  pill 


1 7p- estradiol 


o 


Raioxifene 
originally  keoxifene 
a  failed  breast  cancer  drug 


N  desmethyl  tamoxifen  .  ^  .  ,  ..  Endoxifen 

Major  mefaboiite  of  tamoxifen  Hydroxytamoxifen  [yiajQr  hydroxylated 

metabolite  of  tamoxifen 

Figure  1  Chemical  structures  of  17p-estradiol,  raloxifene,  tamoxifen,  and  tamoxifen's  metabolites  n-desmethyl  tamoxifen,  4-hydroxytam- 
oxifen,  and  endoxifen. 
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Cell  lines  as  platforms  for  modeling  acquired 
antihormone  resistance 

The  Early  Breast  Cancer  Trialists'  Collaborative  Group 
recently  showed  that  after  about  5  years  of  tamoxifen  therapy 
for  women  with  ER-positive  breast  tumors  (10,645  women), 
yearly  breast  cancer  mortality  rate  was  reduced  by  30%  for 
15  years  after  treatment  initiation  [7].  If  we  estimate  that 
ER-positive  breast  cancer,  the  most  prevalent  type,  accounts 
for  75%  of  all  breast  cancer,  it  follows  that  about  half  of  the 
breast  cancers  may  have  or  acquire  resistance  to  anti  hormone 
therapy.  This,  combined  with  the  fact  that  over  200,000  new 
cases  of  breast  cancer  [22]  are  expected  to  occur  each  year, 
makes  acquired  resistance  a  critical  issue  in  breast  cancer 
research  and  women's  health.  Prevention  of  primary  breast 
cancer  or  the  maintenance  of  patients  to  prevent  recurrence  of 
the  disease  is  an  important  advance  in  translational  research 
that  continues  to  reduce  healthcare  costs  and  improve  survi¬ 
vorship  for  millions  of  patients  worldwide.  Although  it  is  fair 
to  say  that  few  women  at  high  risk  for  breast  cancer  elect  the 
chemoprevention  option,  there  are  more  than  half  a  million 
women  using  raloxifene  to  prevent  osteoporosis  and  prevent 
breast  cancer  at  the  same  time  [18].  However,  tumors  that 
form  during  long-term  raloxifene  treatment  [19]  haveacquired 
resistance  to  this  SERM  . 

It  is  currently  impossible  to  analyze  the  cell  biology  of 
every  patient's  individual  breast  tumor  and  predict  outcomes, 
both  practically  and  financially.  The  actual  relationship  of  the 
cancer  cel  I  with  supporting  stroma  of  an  individual  tumor  can¬ 
not  yet  be  reconstructed  under  laboratory  conditions,  but  what 
can  be  achieved  at  this  stage  is  the  interrogation  of  available 
cell  lines  to  focus  on  a  specific  group  of  ER-positive  tumors 
and  obtain  general  principles  with  which  to  plan  treatments. 


In  other  words,  laboratory  models  in  vitro  and  in  vivo  repre¬ 
sent  the  medium  for  a  conversation  between  the  laboratory 
and  the  clinic.  These  models  represent  important  subgroups 
of  breast  tumors  in  patients. 

Breast  cancer  cell  lines  that  are  ER-positive  are  of  spe¬ 
cific  value  to  conduct  translational  research  to  understand 
the  mechanisms  by  which  hormone-responsive  breast 
tumors  may  develop  acquired  antihormone  resistance.  The 
ER-positive  models  to  be  discussed  here  are:  ZR-75-1, 
BT-474,  T47D,  and  M  CF-7.  Each  cell  line  is  availablefrom 
the  American  Type  Culture  Collection  (ATCC),  but  there 
are  individual  variants  maintained  in  specific  laboratories. 
The  current  ER  statuses  (Figure  2),  ER  protein  regulation 
(Figure  2),  hormone  responsiveness  to  the  principal  ste¬ 
roidal  estrogens  estradiol  and  estrone  (Figure  3),  and  the 
relative  ability  of  tamoxifen  and  its  metabolites  to  block 
combined  circulating  levels  of  estrone  and  estradiol  (Figure 
4)  are  illustrated.  All  cells  tested  have  been  confirmed  by 
DNA  fingerprinting. 

The  ZR-75-1  breast  cancer  cell  line 

The  ZR-75-1  human  breast  cancer  cell  line  was  derived  in  the 
late  1970s  from  a  63-year-old  postmenopausal  female  patient 
with  metastatic  ductal  carcinoma  of  the  breast.  The  cells  were 
taken  from  the  ascites  3  months  after  initiation  of  tamoxifen 
treatment  and  exhibit  estrogen  and  insulin  responsiveness 
[25].AsZR-75-l  cel  Is  are  passaged,  they  retain  their  epithelial 
morphology,  remaining  similar  in  appearance  to  their  origi¬ 
nal  source  biopsy,  though  their  chromosome  count  decreases 
from  approximately  75  to  72  after  38  passages  [25].  ZR-75-1 
cells  are  ER-positive,  glucocorticoid  receptor  (GR)-positive, 
androgen  receptor  (AR)-positive,  and  progesterone  receptor 
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Figure  2  (A)  ERa  expression  levels  in  different  ER-positive  cells.  Cell  lysates  of  M  CF-7,  T47D,  ZR-75-1,  BT474,  M  CF-7:5C,  and  M  CF- 
7:2A  were  harvested.  M  CF-7,  T47D,  ZR-75-1,  and  BT474  cells  were  cultured  under  conditions  with  estrogen  (10%  FBS),  while  M  CF-7:5C 
and  MCF-7:2A  cells  were  cultured  under  estrogen-free  conditions  (10%  SFS).  ERa  expression  levels  were  examined  by  immunoblotting 
with  primary  antibody.  Immunoblotting  for  p-actin  was  determined  for  loading  control.  (B)  M  odulation  of  ERa  expression  in  the  absence  of 
estrogen.  Wild-type  ER-positive  M  CF-7,  T47D,  ZR-75-1,  and  BT474  cells  were  cultured  under  conditions  with  estrogen  (10%  FBS)  or  with¬ 
out  estrogen  (10%  SFS)  for  3  days,  respectively.  Cell  lysates  were  harvested.  ERa  expression  levels  were  examined  by  immunoblotting  with 
primary  antibody.  Immunoblotting  for  p-actin  was  determined  for  loading  control. 
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Figure  3  Proliferative  responses  of  different  ER-positive  breast  cancer  cell  lines  to  treatments  with  estradiol  (E2)  and  estrone  (EJ.  Growth  of 
cells  was  determined  by  measuring  DNA  per  well  after  7  day  treatments.  (A)  M  CF-7:WS8  cells,  hypersensitive  clones  of  M  CF-7  cell  line;  (B) 
T47D:A18  cells,  hypersensitive  clone  of  T47D  cell  line;  (C)  BT-474  ER-positive  breast  cancer  cells  (ATCC);  (D)  ZR-75-1  ER-positive  breast 
cancer  cells  (ATCC).  Estradiol  is  the  most  potent  of  the  natural  estrogens  in  a  woman's  body  and  estrone,  with  the  17(3  hydroxyl  oxidized  to  a 
ketone,  is  less  potent.  It  does,  however,  significantly  contribute  to  breast  cancer  cell  growth. 


(PR)-positive  [25].  Tamoxifen  (10“^  M  )  causes  growth  inhi¬ 
bition  and  the  cells  die  [26].  Also,  the  cells  are  specifically 
growth  stimulated  by  insulin  and  inhibited  by  androgens  and 
glucocorticoids  [25]. 

The  BT-474  breast  cancer  cell  line 

The  BT-474  cell  line  comprises  ER-positive,  PR-positive  epi¬ 
thelial  cancer  cells  derived  from  invasive  ductal  breast  car¬ 
cinoma  of  a  60-year-old  female  patient  [27].  Notably,  these 
cells  also  express  the  membrane  receptor  human  epidermal 
growth  factor  receptor  2  (H  ER2)  [28].  With  55  chromosomes, 
they  grow  in  adherent  patches  in  tissue  culture  and  are  tum- 
origenic  [27].  BT-474  cells  grow  in  response  to  estradiol,  via 
their  ER  (see Figure 3). 

TheT47D  breast  cancer  cell  line 

The  T47D  cell  line  originates  from  a  pleural  effusion  of  a 
54-year-old  female  patient  with  infiltrating  ductal  breast 


carcinoma.  The  cells  have  approximately  60  to  70  chro¬ 
mosomes,  multiple  mitochondria,  and  irregular  nuclei  and 
nucleoli  [29].  They  maintain  their  epithelial  morphology 
after  several  years  of  passage,  can  produce  casein,  and  can 
be  grown  in  a  monolayer  in  vitro  [29].  First  described  as  an 
ER-positive,  PR-positive,  A R-positive,  GR-positive,  epithe¬ 
lial  cell  carcinoma  model,  it  has  si  nee  been  established  that  the 
nuclear  receptor  levels  and  hormone  responsiveness  depend 
on  the  culture  conditions  [30].  T47D  cells  express  ER  and  PR 
in  estrogen-rich  media  but  lose  most  PR  and  ER  expression 
when  grown  in  the  absence  of  estrogen  [30]. 

Classically,  estradiol  stimulates  proliferation  of  theT47D 
cell  line  through  the  ER  and  stimulates  estrogen-regulated 
proteins  such  as  PR,  while  tamoxifen  inhibits  this  growth 
[31].  The  stimulatory  action  of  physiologic  estrogens  and 
the  inhibition  caused  by  tamoxifen  and  its  principal  metabo¬ 
lites  are  shown  in  Figures  3  and  4,  respectively.  Without  the 
nuclear  receptors,  however,  neither  estradiol  nor  tamoxifen 
can  influence  growth  as  their  mechanism  of  action  through 
ER  is  eliminated  [30]. 
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Figure  4  Biological  response  of  MCF-7  cells  after  7-day  treatment  with  premenopausal  levels  of  estrone  (E^,  8  nM )  and  estradiol  (E2, 
4  nM  )  found  in  plasma  of  premenopausal  women  during  follicular  phase  of  menstrual  cycle  [23]  and  tamoxifen  metabolites  40HT  (6.3  nM  ), 
N-desmethyl-Tam  (558  nM ),  tamoxifen  (386  nM ),  and  endoxifen  (35.6  nM )  at  concentrations  found  in  plasma  of  extensive  metabolizers 
of  tamoxifen  [24].  As  shown  in  the  figure,  a  combination  of  E^/E^  induces  cell  growth,  and  treatment  with  a  combination  of  tamoxifen  and 
its  metabolites  has  minor  effect  on  cells.  Combination  treatment  of  E^/E2  and  tamoxifen  metabolites  does  not  ablate  the  proliferation  of  the 
cells.  However,  addition  of  another  tamoxifen  metabolite  endoxifen  at  concentrations  found  in  plasma  of  extensive  metabolizers  of  tamoxifen 
(35.6  nM  )  produces  almost  complete  inhibitory  effect  on  cell  growth.  Treatment  with  combination  of  all  tamoxifen  metabolites  (including 
endoxifen)  does  not  have  any  major  biological  effect.  Similar  results  occur  withT47D. 


The  MCF-7  breast  cancer  cell  line 

The  majority  of  investigations  into  acquired  antiestrogen 
drug  resistance  have  utilized  the  MCF-7  cell  line  so  preva¬ 
lent  in  breast  cancer  laboratories.  The  MCF-7  cell  line  has 
been  the  topic  of  an  earlier  review  [32].  MCF-7  cells  are  used 
ubiquitously  in  research  for  ER-positive  breast  cancer  cell 
experiments,  and  many  subclones  have  been  established,  rep¬ 
resenting  different  classes  of  ER-positive  tumors  with  vary¬ 
ing  nuclear  receptor  expression  levels. 

The  M  CF-7  cell  line  was  derived  from  the  pleural  effusion 
of  a  69-year-old  female  patient  with  a  diagnosis  of  adenocar¬ 
cinoma  of  the  breast  [33].  This  particular  patient  had  under¬ 
gone  3  years  of  radiotherapy  and  hormone  therapy,  most  likely 
high-dose  diethylstilbestrol  (DES),  a  synthetic  estrogen  (the 
cell  line  was  created  before  tamoxifen  was  available  for  clini¬ 
cal  use).  The  cells  were  noted  to  be  ER-positive  [34].  In  the 
mid-1970s,  Lippman  etal.  [35,  36]  demonstrated  that  non-ste¬ 
roidal  anti  estrogens,  in  general,  and  tamoxifen,  in  particular, 
could  stop  the  growth  of  M  CF-7  cells  in  culture,  and  this  could 
be  reversed  with  the  administration  of  exogenous  estradiol. 

I  n  the  early  1980s,  MCF-7  cells  were  shown  to  form  tumors 
in  vivo  [37]  with  estrogen  administration,  but  estrogen  did  not 
significantly  stimulate  growth  of  the  same  cells  in  vitro  [38]. 
At  the  time,  it  was  proposed  that  a  factor  existing  in  the  ani¬ 
mal,  but  not  in  culture,  be  it  a  second  messenger  system  or 
peptide  growth  factor,  was  required  for  the  profound  growth 
influence  of  estrogen  on  MCF-7  cells  [38].  However,  a  land¬ 
mark  discovery  occurred  in  1986  identifying  a  contaminant  of 


phenol  red  (phenolsulfonphthalein)  (Figures),  the  pH  indica¬ 
tor  in  media,  as  estrogenic  [40,  41].  The  media  was  therefore 
causing  cells  to  grow  [41].  All  previous  studies  measuring 
estrogen's  impact  on  the  cells  were  undermined  as  the  effects 
were  confounded  by  additional  estrogen  in  the  media.  The 
discovery  allowed  complete  withdrawal  of  estrogen  from  the 
cells  and  the  subsequent  ability  to  document  the  real  impact 
of  estrogen  on  various  cell  functions  including  proliferation 
and  apoptosis  of  MCF-7  cells  [42-46]. 

Being  ER-positive,  the  MCF-7  cell  line  grows  and  proli¬ 
ferates  with  estrogens,  in  concentrations  as  low  as  10“^^  M 
estradiol  (Figure  3)  [32].  Tamoxifen  competitively  inhibits 

HO  OH 


Phenol  Red  bss[4-hydroxyphenyJ )[2-{phenoxysu lfonyj)pheny9]melhene 

Figure  5  Phenolsulfonphthalein  (phenol  red),  the  pH  indicator 
in  cell  culture  media,  is  structurally  similar  to  the  natural  estrogen 
estradiol  (Figure  1)  and  synthetic  estrogens.  Unlike  normal  chemi¬ 
cal  titration  analyses  that  use  a  pH  indicator  at  very  low  concentra¬ 
tions,  phenol  red  is  incorporated  at  pM  levels  in  culture  media.  The 
estrogenicity  was  found  to  vary  from  batch  to  batch  [39].  However, 
a  potent  estrogenic  contaminant  (right)  exerts  growth  stimulatory 
effects  on  breast  cancer  cells  [40]. 
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DNA  synthesis  in  MCF-7  cells,  binding  to  the  sanne  ER  as 
do  estrogens,  though  with  a  1000-fold  lower  affinity  than 
estradiol  [32].  When  added  to  the  cells  si nnultaneously,  estra¬ 
diol  can  reverse  this  inhibition  at  a  concentration  100-fold 
lower  than  tamoxifen  (10“^  M  vs.  10“^  M  )  causing  cell  growth 
(Figure  4)  [32].  The  actions  of  tamoxifen  and  its  metabolites 
on  estrogen-stimulated  proliferation  are  shown  in  Figure  4. 
Pure  anti  estrogens,  such  as  fulvestrant,  that  destroy  ER,  also 
inhibitgrowth  of  M  CF-7  cells  [47]. 

ER  regulation  in  ER-positive  breast  cancer  cell  lines 

Figure  2  illustrates  ER  expression  in  the  four  described 
ER-positive  breast  cancer  cell  lines  in  different  media  condi¬ 
tions.  ZR-75-1,  BT-474,  and  MCF-7  cells  increase  expression 
of  ER  in  the  absence  of  estrogens,  represented  here  by  phe¬ 
nol  red-free  media  supplemented  with  charcoal-stripped  fetal 
bovine  serum  (SFS).  Estrogen  exposure  to  these  cells  causes 
decreased  ER  mRNA  and  protein  levels  [48].  T47D  cells, 
by  contrast,  express  more  ER  in  an  estrogenic  environment, 
shown  here  as  red  media  with  fetal  bovine  serum  (FBS)  [48]. 
As  previously  stated,  T47D  ER  expression  is  lost  in  an  estro¬ 
gen-free  environment.  Tamoxifen  causes  increased  ER  pro¬ 
tein  levels  in  MCF-7  andT47D  cells,  whilefulvestrant  causes 
decreased  protein  levels  in  both  cell  lines  [48].  The  alternate 
models  of  ER  regulation  in  the  cell  lines  has  previously  been 
summarized  [48]  and  is  now  updated  and  illustrated  in  Figure 
6  for  convenience.  The  consistent  model  (Model  l)of  ER  reg¬ 
ulation  is  an  upregulation  of  ER  in  the  absence  of  estrogen. 
However,  T47D  does  not  conform  and  requires  estrogen  for 
ER  synthesis  (M  odel  II). 

Models  of  acquired  antihormone  resistance 
in  vitro 

ER-negative  breast  cancer  cells,  such  as  the  M  DA-M  B-231 
and  SKBr3  cell  lines,  do  not  respond  to  anti  hormone  treat¬ 
ment.  There  are  some  ER-positive  cell  lines  that  also  exhibit 
intrinsic  resistance;  that  is,  anti  hormones  do  not  create  a  sub¬ 
population  of  these  cells  that  are  resistant  over  time.  They 
simply  do  not  respond  initially,  perhaps  via  growth  factor 
receptoroverexpression  allowing  other  mechanisms  of  growth 
stimulation.  Osborne's  group  showed  in  1992  [49]  that  when 
E  R  -  posi  ti  ve  M  C  F  -  7  cel  I  s  are  transfected  w  i  th  H  E  R  2 ,  the  cel  I  s 
are  intrinsically  resistant  to  anti  hormones  such  as  tamoxifen, 
presenting  HER2  asa  potentially  important  factor  for  tamox¬ 
ifen  sensitivity  and  drug  resistance. 

To  investigate  the  properties  of  acquired  anti  hormone-re¬ 
sistant  breast  cancer  cells,  populations  of  MCF-7  cells  have 
been  created  that  are  adapted  to  various  anti  hormone  environ¬ 
ments.  M  CF-7  cells,  more  than  the  other  three  ER-positive 
cell  lines  T47D,  BT-474,  and  ZR-75-1,  are  well-suited  for 
anti  hormone  resistance  studies  as  they  are  easily  cultured  and 
retain  ER  expression  when  treated  with  antihormones;  they 
are  routinely  used  in  the  laboratory  and  have  produced  more 
data  of  practical  knowledge  for  patient  care  than  any  other 
breast  cancer  cell  line  (see  final  section).  Figure  7  illustrates 


Figure  6  The  diagrammatic  representation  of  cellular  ER  regula¬ 
tion  in  media  with  or  without  estradiol  (E2).  This  diagram  is  based 
on  the  general  responses  to  estrogen  illustration  by  Western  blotting 
in  Figure  2  and  presented  in  detail  in  [48].  Model  I  ER  regulation 
(MCF-7,  ZR-75-1,  BT-474)  has  an  upregulation  of  ER  message 
and  protein  in  an  estrogen-depleted  environment,  but  ER  is  down- 
regulated  at  the  mRNA  and  protein  level  in  the  presence  of  estrogen. 
Model  II  ER  regulation  (T47D)  has  upregulation  of  ER  message  and 
protein  in  an  estrogen-containing  environment,  but  ER  is  not  pro¬ 
duced  in  an  estrogen -depleted  environment.  Cells  lose  ER  to  become 
ER  negative. 


the  lineages  of  different  subtypes  of  MCF-7  cells  maintained 
in  the  laboratory. 

One  such  in  vitro  model  illustrating  the  varied  attributes 
of  tamoxifen-resistant  cells  are  the  M  CF-7  Lombardi  Cancer 
Center  (LCC)  subclones  (see  Figure  7).  The  MCF-7:LCC1 
variant  represents  an  estrogen- independent  breast  cancer 
cell  line  obtained  from  in  vivo  selection  in  oophorectomized 
nude  mice  and  re-cultured  in  vitro  to  become  a  stable  cell 
line  [50,  51].  Though  estrogen- independent,  the  cells  are  still 
tamoxifen-sensitive  [50].  When  this  cell  line  was  selected 
for  tamoxifen  resistance  in  vitro,  the  MCF-7:LCC2  clone 
was  created.  M  CF-7:LCC2  cells  are  stable,  ER-positive,  and 
respond  to  the  pure  antiestrogen,  fulvestrant  [52].  Along  the 
same  lineage,  M  CF-7:LCC9  cells  were  derived  by  selecting 
in  vitro  MCF-7:LCC1  cells  for  fulvestrant  resistance,  and 
subsequently,  these  cells  exhibit  cross-resistance  to  tamox¬ 
ifen  [53]. 

Another  early  anti  estrogen- resistant  variant  of  M  CF-7  cells 
is  the  LY2  line.  MCF-7:LY2  cells  are  resistant  to  LY  117018, 
a  potent  antiestrogen  related  to  raloxifene  [54].  The  LY  2  cells 
also  exhibit  cross- resistance  to  tamoxifen  and  continue  to  be 
responsive  to  estrogen  but  with  lower  ER  levels  than  MCF-7. 
Thecell  line  was  created  by  selection  with  increasing  thecon- 
centration  of  LY  117018  up  to  1  pM  as  MCF-7  cells  became 
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Figure  7  A  flow  diagram  representation  of  the  defined  antihormone-resistant  cell  lines  derived  from  M  CF-7  cells.  The  Jordan  Laboratory 
obtained  original  "Soule"  MCF-7  cells  from  theM  ichigan  Cancer  Foundation  as  a  gift  from  Dr.  Dean  Edwards  who  was  then  at  the  University 
of  Texas.  The  Clarke  Laboratory  obtained  MCF-7  cells  from  the  ATCC  cell  collection.  All  cells  are  genotyped  by  DNA  fingerprinting. 


resistant  [54].  A  related  MCF-7  raloxifene-resistant  line 
M  CF-7/RAL  was  created  by  growing  M  CF-7  cells  in  estro¬ 
gen-free  culture  with  1  piM  raloxifene  for  over  a  year  [55]. 
These  cells  grow  in  response  to  estradiol  and  raloxifene  and 
are  growth-inhibited  by  fulvestrant  [56],  Most  importantly, 
the  cells  exhibit  an  unusual  apoptotic  response  to  estradiol 
in  vivo  (see  next  section).  The  M  CF-7/F  cell  line  was  estab¬ 
lished  by  culturing  the  parental  MCF-7  cells  in  fulvestrant- 
containing  estrogen-free  media  for  18  months.  ER  expression 
was  lost,  and  the  cells  became  resistant  to  all  anti  hormone 
therapies  [57]. 

Short-term  estrogen  deprivation  causes  distinct  responses 
of  MCF-7  cells  in  comparison  to  long-term  (over  6  months) 
estrogen  deprivation.  These  studies  are  important  to  mimic  the 
early  response  of  ER-positive  breast  cancer  to  aromatase  inhi¬ 
bition.  Culture  of  M  CF-7  cells  in  media  that  is  phenol  red-free 
with  charcoal-stripped  serum  (estrogen-free)  causes  immedi¬ 
ate  proliferation  inhibition  [42,  46],  Slowed  proliferation 


continues  for  about  a  month  after  estrogen  removal,  indicat¬ 
ing  the  cells  have  not  yet  found  adaptive  or  compensatory 
growth  mechanisms.  When  stimulated  with  estradiol,  the 
proliferation  rate  of  these  short-term  estrogen-deprived  cells 
increases,  and  antiestrogens  again  inhibit  growth  [42,  46], 
Overtime,  MCF-7  cells  deprived  of  estrogen  eventually  adapt 
their  growth  in  estrogen-free  media,  losing  their  estrogen  sen¬ 
sitivity,  but  anti  estrogens  continue  to  inhibitgrowth  [43]. The 
ER  is  retained  and  expanded. 

I  n  1995,  Santen’s group  hypothesized  [58]  that  M  CF-7  cells 
develop  hypersensitivity  to  minute  concentrations  of  estradiol 
(or  indeed  any  available  estrogen)  after  estradiol  deprivation 
as  a  means  of  adapting  to  estrogen  withdrawal  and  spontane¬ 
ous  growth.  They  noted  that  when  M  CF-7  cells  are  deprived 
of  estrogen  for  1-6  months,  a  10-fold  lower  concentration 
of  estradiol  is  needed  for  maximal  growth,  when  compared 
to  normally  cultured  MCF-7  cells.  This  model  suggests  an 
explanation  for  spontaneous  growth  that  occurs  after  estrogen 
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withdrawal;  that  is,  the  breast  cancer  cells  are  hypersensitive 
to  minute  environmental  concentrations  of  estrogen  [58]. 
Indeed,  this  Isa  valid  hypothesis  as  the  estrogen-deprived  cell 
population  adapts  by  selecting  any  available  cell  to  grow  in 
the  environment:  a  Darwinian  model. 

Long-term  estrogen-deprived  (LTED)  M  CF-7  cells  form  a 
stable  cell  line  that  has  been  used  to  investigate  estrogen's 
effect  on  breast  cancer  cel  Is  over  varied  exposures  and  lengths 
of  time.  MCF-7:LTED  cells,  in  contrast  to  their  short-term 
estrogen-deprived  counterparts,  are  able  to  grow  despite  lack 
of  estrogen  in  the  media  and  are  growth  inhibited  by  estradiol 
[43], 

MCF-7:5C  cells  were  developed  by  long-term  estrogen 
withdrawal  from  the  parental  wild-type  M  CF-7  breast  cancer 
cells  [59,  60).  The  ER  in  M  CF-7:5C  cells  is  wild  type,  and 
expression  levels  are  similar  to  MCF-7  [59]  (see  Figure  2). 
This  hormone-independent,  ER-positive,  PR-negative  clonal 
population  proved  useful  in  representing  the  behavior  of  long¬ 
term  estrogen-deprived  breast  cancer  cells,  that  is,  those  of 
postmenopausal  women  decades  after  menopause  or  patients 
who  have  undergone  long-term  anti  hormone  therapy,  e.g,, 
5-year  aromatase  inhibitor  treatment  [60].  MCF-7:5C  cells 
are  unresponsive  to  4-hydroxytamoxifen,  and  estradiol  does 
not  enhance  growth  [59,  60]  but  triggers  estradiol-induced 
apoptosis  [44]. 

The  M  CF-7:2A  cell  line  is  similar  to  the  M  CF-7:5C  cell 
line  and  was  generated  from  long-term  estrogen  withdrawal 
from  MCF-7  cells.  Uniquely,  MCF-7:2A  cells  express  two 
forms  of  the  ER,  a  66-kDa  wild  type  and  a  77-kDa  mutant 
(see  Figure  2)  [48,  61].  The  wild-type  ER,  expressed  4-  to 
10-fold  higher  than  the  mutant,  is  still  functional,  whereas 
the  mutant  ER,  containing  a  repeat  of  exons  6  and  7  in  the 
ER  gene  [62],  can  no  longer  bind  estrogens  nor  anti  estrogens. 
MCF-7:2A  cells  grow  in  estrogen-free  media  as  they  are 
estrogen- independent.  In  contrast  to  its  parental  cell  line,  the 
2A  cells  show  no  response  to  estradiol  during  the  first  7  days 
of  treatment,  then  begin  to  die  via  apoptosis  during  week  2. 
Both  tamoxifen  and  pure  antiestrogens  block  growth  in  these 
cells  [48,  61]. 

In  search  of  other  in  vitro  models  illustrating  antihormone- 
resistant  breast  cancer  cel  Is,  theT47D  cell  line  can  offer  addi¬ 
tional  information.  T47D  cells  differ  from  MCF-7  cells  in  that 
theirtumor  suppressor  protein  p53  is  mutated  on  one  allele  of 
the  gene  (194  Leu-^Phe)  [63].  Also,  MCF-7  cells  continu¬ 
ally  express  ER,  whereas  T47D  lose  ER  expression  when 
estrogen  is  withdrawn  for  extended  periods  of  time  [64].  The 
T47D:A18  variant  is  ER  positive  and  PR  positive,  derived 
from  culturing  the  T47D  cell  line  in  estrogen-rich  media 
[64],  They  grow  in  response  to  estrogen  and  are  inhibited  by 
4-hydroxytamoxifen  [64],  T47D:C4  cells,  in  contrast,  were 
established  by  culturing  T47D  cells  in  estrogen-free  media 
[30,  64].  The  parental  cells  are  transformed  into  ER-negative, 
PR-negative  cells,  which  are  unresponsive  to  antihormone 
therapy  [65]. 

To  address  mechanistic  issues  of  antihormone  resistance, 
T47D-r  cells,  also  derived  from  the  parental  T47D  line,  were 
created  to  be  resistant  to  fulvestrant  [66],  Proteomic  analy¬ 
sis  was  used  to  compare  T47D  vs.  T47D-r  cells  to  identify 


38  proteins  with  significantly  (2-fold  up-  or  downregulation) 
different  expression  [66].  Furthermore,  mRNA  expression 
differed  for  11  of  the  proteins.  These  data  are  evidence  sup¬ 
porting  the  molecular  and  mechanistic  changes  that  occur  to 
T47D  breast  cancer  cells  as  they  become  increasingly  resis¬ 
tant  to  antiestrogens  [66].  The  T47Dco  subclone  is  estro¬ 
gen-  and  antiestrogen-resistant  and  expresses  PR  regardless 
of  estrogen  stimulation.  Progestins  inhibit  proliferation  of 
T47DCO  cells  [67].  Initially  described  as  ER  negative  [67],  it 
was  subsequently  shown  that  the  cells  express  three  mutant 
ERs  that  have  no  ability  to  bind  ligand  [68],  This  cell  line 
allows  for  extensive  study  on  progestins’  effect  on  breast  can¬ 
cer  independently  of  estrogen,  as  well  as  on  ER  mutations  as 
a  mechanism  of  hormone  resistance. 

When  ZR-75-1  cells  are  treated  with  tamoxifen  for  6 
months,  both  ER  and  PR  levels  decrease,  but  the  antihor¬ 
mone  is  still  able  to  impede  the  cancer  growth.  Tamoxifen 
resistance  occurs  after  a  year  of  tamoxifen  treatment,  as  evi¬ 
denced  by  the  tamoxifen-resistant  subclone  ZR-75-9al,  a 
distinct  ER-negative,  PR-negativecell  line[69].Tablel  sum¬ 
marizes  the  discussed  cell  lines'  subclones  used  for  modeling 
ER-positive  breast  cancer  cells  in  vitro. 

Models  of  acquired  antihormone  resistance 
in  vivo 

Laboratory  studies  of  endometrial  cancer  in  vivo  aided  in  the 
understanding  of  acquired  resistance  to  tamoxifen.  Estradiol 
significantly  increases  the  growth  rate  of  human  ER-positive 
endometrial  cancer  transplanted  into  ovariectomized  nude 
mice,  while  the  growth  rate  of  ER-negative  endometrial  can¬ 
cer  in  this  model  is  unaffected  by  estradiol  treatment  [70], 
Flowever,  ER-positive  endometrial  tumors  implanted  in  nude 
mice  also  grew  more  quickly  in  response  to  tamoxifen  or 
estradiol  treatment  than  the  control -treated  mice  [71],  When 
medroxyprogesterone  acetate  (M  PA)  (a  standard  therapy  for 
endometrial  cancer)  was  administered  to  the  tamoxifen-treated 
animals  implanted  with  endometrial  tumors,  inhibition  of 
growth  was  increased  in  comparison  to  the  tamoxifen-treated 
tumors  alone.  In  contrast,  the  growth  of  ER-negative  endo¬ 
metrial  cancer  injected  into  athymic  mice  was  unaffected  by 
all  treatments  [71]. 

Subsequently,  the  human  endometrial  tumor  EnCalOl  was 
pivotal  in  enhancing  knowledge  of  the  target  site  specificity 
of  tamoxifen,  as  well  as  by  other  similar  triphenylethylene 
antiestrogens  (e.g.,  clomiphene,  trioxifene,  nafoxidine)  [72]. 
Athymic  mice  transplanted  with  both  MCF-7  breast  and 
EnCalOl  endometrial  tumors,  and  treated  with  either  estra¬ 
diol,  tamoxifen,  or  a  combination,  demonstrated  that  estradiol 
increases  the  growth  of  both  tumors.  Tamoxifen,  however, 
blocks  breast  cancer  growth  while  enhancing  the  growth  of 
endometrial  cancer  [16],  These  data  were  rapidly  translated 
to  patient  care  [17],  with  breast  cancer  patients  being  given 
routine  gynecological  examinations  to  detect  endometrial 
cancer  that  was  slightly  but  significantly  increased  during 
adjuvant  tamoxifen  therapy.  The  target  site-specific  action 
of  tamoxifen  in  breast  and  endometrium  was  hypothesized 
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Table  1  Various  subclones  generated  from  different  ER-positive  breast  cancer  ceii  iines. 


Parental  line 

Subclone 

H  ow  subclone  was  generated 

Subclone's  resistance 

Reference 

ZR-75-1 

9al 

Long-term  tarn  treatment 

Tam 

[69] 

T47D 

ER-negative 

Estrogen  withdrawal 

Anti  hormones 

[30] 

T47D 

-r 

Long-term  fulv  treatment 

Fulv 

[66] 

T47D 

A 18 

Estrogen-rich  culture 

- 

[64] 

T47D 

C4 

Estrogen  withdrawal 

Anti  hormones 

[65] 

T47D 

CO 

PR  expression  selection  without  estrogen 

Estrogen,  Anti  estrogen 

[68] 

MCF-7 

Ral 

Long-term  ral  treatment 

Ral 

[55] 

MCF-7 

F 

Long-term  fulv  treatment  without  estrogen 

Fulv 

[57] 

MCF-7 

5C 

Estrogen  withdrawal 

Tam 

[59,  60] 

MCF-7 

2A 

Estrogen  withdrawal 

- 

[61] 

MCF-7 

LY2 

LY  117018  selection 

Tam,  LY  117018 

[54] 

MCF-7 

LCCl 

Estrogen  withdrawal 

- 

[50,  51] 

MCF-7 

LCC2 

Estrogen  withdrawal,  tarn  selection 

Tam 

[52] 

MCF-7 

LCC9 

Estrogen  withdrawal,  fulv  selection 

Tam,  Fulv 

[53] 

To  simuiate  different  scenarios  of  therapy  and  deveiopment  of  resistance  to  SERM  s,  ceiis  were  cuitured  in  different  environments  to  create 
stabieceii  lines.  Fuiv,  fuivestrant;  Tam,  tamoxifen;  Rai,  raioxifene;  Ref,  reference  number. 


to  be  dependent  on  differential  modulation  of  the  estrogenic 
actions  of  tamoxifen  in  different  target  tissues  [73].  The  con¬ 
cept  was  supported  by  studies  of  antiestrogens  with  reduced 
estrogenic  action.  Keoxifene  (subsequently  called  raloxifene) 
and  LY 117018  are  less  estrogenic  in  the  rodent  uterus  and 
have  less  of  an  effect  on  EnCalOl  growth  stimulation  [72, 
74].  Further,  ICI  164,384,  as  it  is  a  pure  antiestrogen  with 
no  intrinsic  estrogenicity,  did  not  stimulate  EnCalOl  tumor 
growth  and  was  ableto  block  tamoxifen-induced  growth  [15]. 
Ginical  studies  demonstrate  that  unlike  tamoxifen,  raloxifene 
[18]  and  fuivestrant  [75]  have  no  estrogen-like  action  in  the 
human  uterus. 

M  CF-7  models  in  vitro  eventually  evolved  one  step  fur¬ 
ther  toward  clinical  practice  when  they  were  adapted  into 
models  in  vivo,  which  mirror  more  closely  clinical  care, 
M  odels  in  vivo  create  a  new  dimension  to  assess  the  impor¬ 
tance  of  a  functioning  physiologic  interaction  between 
cancer  cells,  the  interaction  of  angiogenesis,  cellular  metab¬ 
olism,  and  respiration  that  are  not  created  in  cell  culture. 
The  first  studies  of  M  CF-7  cells  implanted  into  nude  mice 
were  published  in  the  1980s.  MCF-7  cells  implanted  into 
mice  with  intact  ovaries,  or  simultaneously  with  estrogen 
into  ovariectomized  mice,  grew  in  an  estrogen-dependent 
manner  [37], 

In  the  1980s,  transplanted  models  of  MCF-7  human  breast 
cancer  into  athymic  mice  were  used  to  investigate  the  unique 
aspects  of  acquired  resistance  to  SERM  s.  Tamoxifen  acts  as 
a  competitive  inhibitor  of  estradiol -stimulated  growth,  i.e., 
the  action  of  tamoxifen  as  an  antitumor  agent  is  reversed  by 
increasing  the  dose  of  estradiol  [76],  Similarly,  months  of 
tamoxifen  therapy  do  not  destroy  implanted  M  CF-7  tumors 
[77,  78],  as  estrogen  can  reactivate  tumor  growth.  Eventually, 
acquired  resistance  to  tamoxifen  occurred  after  4  months  of 
treatment,  wherein  neither  tamoxifen  nor  estrogen  depriva¬ 
tion  could  produce  significant  tumor  regression  [79],  Breast 
tumors  then  grew  despite  tamoxifen  treatment  demonstrat¬ 
ing  that  acquired  resistance  to  antihormone  therapy  had 
developed. 


Flowever,  a  similar  study  came  to  a  different  conclusion; 
MCF-7  tumors  grew  in  the  athymic  mouse  not  despite  tamox¬ 
ifen  therapy  but  because  of  tamoxifen  therapy  [80],  W  hen  the 
MCF-7  tumors  resistant  to  tamoxifen  were  transplanted  into 
new  athymic  animals,  these  ER-positive,  PR-positive  tumors 
werefound  to  grow  in  response  to  either  estradiol  or  tamoxifen 
treatment.  It  is  also  noteworthy  that  the  tamoxifen-stimulated 
tumors  expressed  twice  the  level  of  ER  when  compared  to 
their  estradiol-stimulated  counterparts  [80],  A  survey  of  other 
steroidal  and  non-steroidal  antiestrogens  demonstrated  that 
tamoxifen-sti  mul  ated  growth  is  dependent  on  the  estrogen-l  i  ke 
actions  of  tamoxifen.  Less  estrogenic  agents  do  not  increase 
the  growth  of  acquired  tamoxifen  resistance  in  M  CF-7  tumors 
[81],  There  is  cross-resistance  with  other  anti  estrogens,  e.g„ 
toremifene  or  raloxifene  [82,  83]  but  not  fuivestrant.  Overall, 
this  model  mimics  the  development  of  acquired  resistance  to 
tamoxifen  during  the  treatment  of  metastatic  breast  cancer. 
The  tumors  become  resistant  to  therapy  in  about  2  years. 

M  any  of  the  previously  discussed  M  CF-7  subclones  have 
been  examined  in  animal  models.  When  the  MCF-7/RAL 
cells  are  transplanted  into  athymic  ovariectomized  mice,  they 
are  able  to  form  tumors  when  treated  with  either  estradiol  or 
raloxifene.  Eventually,  after  about  8  months  of  re-transplan¬ 
tation,  the  tumors  grow  only  in  response  to  raloxifene  and  are 
inhibited  by  estradiol  [56], 

MCF-7/LCC1  cells  are  estrogen- responsive  and  tamox¬ 
ifen-sensitive  in  vivo.  M  CF-7/LCC2  cells,  on  the  other  hand, 
behave  estrogen-independently  in  vivo.  They  continue  to 
exhibit  tamoxifen  resistance  in  vivo  as  they  do  in  vitro  [52], 
TheM  CF-7/LCC9  cell  line,  consistent  with  its  in  vitro  action, 
can  form  tumors  in  the  athymic  ovariectomized  mouse  and 
are  unresponsive  to  fuivestrant  [53], 

Similarly,  M  CF-7  cells  with  acquired  resistance  to  tamox¬ 
ifen  (MCF-7:Tam)  in  vivo  implanted  in  athymic  ovariecto¬ 
mized  mice  grow  in  response  to  tamoxifen  or  estradiol,  but 
the  steroidal  antiestrogen  RU  39,411  or  ICI  164,384  inhibit 
growth  [81],  However,  long-term  transplantation  of  MCF- 
7:Tam  tumors  into  athymic  mice  eventually  results  in  a 
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change  in  response  to  physiologic  estradiol  with  rapid  tumor 
regression  [84,  85].  Similarly,  MCF-7:5C  cells  injected  into 
athymic  ovariectomized  mice  undergo  apoptosis  when  treated 
with  estradiol,  causing  complete  tumor  regression  [44],  This 
unusual  change  in  the  biology  of  the  tumors  will  be  revisited 
in  the  next  section. 

T47D  cells  have  also  been  examined  in  vivo  to  evaluate 
the  role  of  SERM  sto  create  acquired  anti  hormone  resistance. 
T47D  cells  transplanted  into  athymic  ovariectomized  mice 
can  generate  tumors  in  response  to  estradiol,  and  tamox¬ 
ifen  can  inhibit  this  estrogen-stimulated  growth.  However, 
after  high-dose  (1.5  mg  daily)  tamoxifen  treatment,  the 
tumor  cells  become  tamoxifen-resistant  after  about  8  weeks, 
wherein  tamoxifen  begins  to  stimulate  tumor  growth  [86]. 
The  T47D  cells  giving  rise  to  tamoxifen-stimulated  tumors 
produce  a  subtype  of  T47D  cell  named  T47D:Tam.  Other 
SERM  s,  arzoxifene  and  LY 117018,  did  not  increase  growth 
of  T47D:Tam  tumors  in  vivo;  likewise,  arzoxifene  and 
LY  117018  did  not  increase  the  growth  of  estradiol-stimulated 
T47D  tumors  either.  This  indicates  a  lack  of  cross- resistance 
between  tamoxifen  and  the  other  antiestrogens  in  T 47D  cells 
in  vivo  [87]. 

In  addition  to  SERM  studies,  models  in  vivo  also  exam¬ 
ined  the  effect  of  aromatase  inhibition  on  ER-positive  cell 
lines.  In  1994,  nude  mice  were  injected  with  MCF-7  cells 
transfected  with  the  human  aromatase  gene  to  study  the 
action  of  aromatase  inhibitors  in  vivo  for  the  treatment  of 
breast  cancer  [88],  In  the  normal  nude  mouse,  tumors  grew 
in  response  to  ovarian  estrogen  and  were  inhibited  by  aro¬ 
matase  inhibitors  and  tamoxifen.  The  aromatase  substrate, 
androstenedione,  was  administered  to  the  ovariectomized 
mice  in  order  to  model  human  disease  as  mice  express  no 
androgen  precursor.  Ovariectomized  nude  mice  injected 
with  aromatase-transfected  MCF-7  cells  grew  tumors  utiliz¬ 
ing  estrogen  produced  through  the  aromatization  of  andros¬ 
tenedione  via  the  aromatase  pathway.  Aromatase  inhibitors 
(4-hydroxyadrostenedioneand  CGS  16949A)  and  tamoxifen 
were  able  to  block  the  tumor  growth.  This  latter  model  rep¬ 
resents  postmenopausal  women  whose  tumors  grow  not  in 
response  to  ovarian  estrogen,  but  estrogen  generated  through 
the  aromatization  of  androgens  found  primarily  in  the  adi¬ 
pose  tissue,  M  C  F-7  cells  transfected  with  the  aromatase  gene 
and  injected  into  ovariectomized  mice  were  inhibited  better 
with  the  combination  treatment  of  fulvestrant  and  anastro- 
zole  than  either  agent  alone.  This  suggests  the  targeting  of 
both  aromatase  and  the  ER  for  better  treatment  of  postmeno¬ 
pausal  breast  cancer  patients  [89].  These  studies  provide  a 
rationale  behind  aromatase  inhibitors’  efficacy  in  the  clinical 
setting  [88]. 

Laboratory  models  set  the  stage  for  intense  evaluation 
of  anti  hormone-resistant  breast  cancer  cells.  By  continuing 
investigation  of  mechanisms  of  resistance,  many  unique  and 
sometimes  paradoxical  effects  of  hormones  and  anti  hormones 
on  ER-positive  breast  tumors  have  been  discovered.  The 
finding  that  an  estrogen  and  an  antiestrogen  could  eventu¬ 
ally  stimulate  breast  cancer  growth  demonstrated  the  unique 
qualities  of  acquired  resistance  to  SERMs  [80],  The  afore¬ 
mentioned  individual  findings  now  began  to  form  models  for 


the  evolution  of  acquired  resistance  that  can  not  only  beinter- 
rogated  in  the  laboratory  but  also  applied  to  clinical  care. 


Evolution  of  acquired  antihormone  resistance 

Based  on  laboratory  evidence  from  both  individual  reports  and 
studies  of  up  to  a  decade,  the  evolution  of  acquired  resistance  to 
SERM  scan  now  be  described  in  distinct  phases  foil  owing  long¬ 
term  SERM  treatment  and  long-term  experiments  in  vitro  and 
in  vivo  (Figures)  [90, 91],  The  evolution  (Figure  8)  of  acquired 
resistance  occurs  after  an  initial  period  of  therapeutic  success 
where  antiestrogenic  activity  predominates,  and  the  SERM  s  are 
competitive  inhibitors  of  estrogen-stimulated  tumor  growth  in 
athymic  mice  [76,  77],  The  therapeutic  phase  of  SERM  action 
can  be  maintained  for  a  year  or  two  (at  most),  but  eventually, 
tumors  start  to  grow  despitecontinued  tamoxifen  [79],  H  owever, 
these  tumors  can  be  re- transplanted  into  other  tamoxifen- treated 
ovariectomized  athymic  mice  [80],  Paradoxically,  both  physi¬ 
ologic  estradiol  and  tamoxifen  (there  is  cross-resistance  with 
raloxifene  and  toremifene)  [82]  can  then  cause  growth,  indi¬ 
cating  Phase  I  resistance.  The  pure  antiestrogens  ICI  164,382 
and  fulvestrant  block  Phase  I  growth  with  either  tamoxifen  or 
estradiol,  A  similar  form  of  acquired  resistance  to  tamoxifen 
occurs  with  theT47D  breast  cancer  cel  I  line  [86,  87],  This  type 
of  acquired  resistance  is  characteristic  of  resistance  to  tamoxifen 
during  the  treatment  of  metastatic  ER-positive  breast  cancer  and 
is  why  either  fulvestrant  or  an  aromatase  inhibitor  is  effective 
second-line  therapeutic  agent  in  the  clinic  [92,  93],  The  labora¬ 
tory  principles  are  illustrated  in  Figure  8. 

However,  these  laboratory  data  are  inconsistent  with  the 
successful  adjuvant  treatment  of  node- positive  and  node¬ 
negative  ER-positive  breast  cancer  with  5  years  of  tamoxifen 
[7],  In  fact,  not  only  is  tamoxifen  effective  during  adjuvant 
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Figure  8  Evolution  of  acquired  SERM  resistance.  After  long¬ 
term  treatment  with  SERM  s  (1-2  years  in  vivo),  initially  responsive 
ER-positive  tumors  become  resistant  to  treatment  and  are  stimulated 
by  SERM  s  (Phase  I  of  resistance)  as  well  as  by  E2.  After  long-term 
transplantation  into  SERM -treated  animal  ( 5 -h  years),  breast  tumor 
growth  is  inhibited  by  E2,  though  still  stimulated  by  SERM  s  (Phase 
II  of  resistance).  A  stylized  representation  of  M  CF-7  tumor  growth  is 
illustrated  in  Figure  9.  This  process  with  SERM  sin  vivo  is  replicated 
with  estrogen  deprivation  with  MCF-7  breast  cancer  cells  in  vitro; 
cells  initially  start  to  grow  spontaneously,  but  estrogen  still  induces 
growth  (hypersensitivity).  This  is  Phase  I .  Long-term  estrogen  depri¬ 
vation  causes  spontaneous  growth  in  culture  but  apoptosis  with  phys¬ 
iologic  estrogens  both  in  vitro  and  in  vivo  (Phase  II). 
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therapy  but  also  effective  at  maintaining  recurrence-free  sur¬ 
vival  and  reducing  mortality  by  30%  from  the  10  years  fol¬ 
lowing  tamoxifen  being  stopped.  Laboratory  studies  have  now 
provided  an  insight  into  this  clinical  advance. 

Repeated  transplantation  of  tamoxifen-resistant  tumors  into 
subsequent  generations  of  tamoxifen-treated  athymic  mice 
resultsinachangeintheclonal  selection  of  tumor  cells.  Notonly 
do  the  tumors  remain  tamoxifen-dependent  for  growth  over  a 
5-year  period  but  also  the  constant  exposure  to  tamoxifen  treat¬ 
ment  changes  the  tumor  response  to  estradiol  from  being  a  sur¬ 
vival  signal  to  an  apoptotic  trigger.  Tumor  regression  occurs  in 
response  to  physiologic  estrogen,  and  this  has  been  proposed  as 
a  mechanism  to  explain  the  decreasing  mortality  of  tamoxifen- 
treated  patients  foil  owing  adjuvant  tamoxifen  [84,  85].  In  other 
words,  short-term  adjuvant  tamoxifen  only  pushes  acquired 
resistance  into  Phase  I  resistancewhere  estradiol  isstill  agrowth 
stimulator  once  tamoxifen  isstopped.  In  contrast,  longer  tamox¬ 
ifen  treatment  forces  clonal  selection  into  Phase  II  resistance 
where  apoptosis  occurs  upon  exposure  to  a  woman's  own  estro¬ 
gen. This  is  illustrated  when  acomparison  between  Figure9A  and 
9B  is  made.  I  ndeed,  it  was  proposed  that  as  tumors  that  regress 
and  subsequently  regrow  in  response  to  physiological  estro¬ 
gen  can  again  respond  to  subsequent  anti  hormone  treatments, 
then  this  could  be  applied  in  the  clinic  [85].  This  experiment  has 
recently  been  reported  in  a  clinical  study  by  Ellis  etal.  [95]. 

The  evolution  of  cell  populations  to  long-term  antihormone 
therapies  has  been  replicated  with  raloxifene  in  a  10-year  study 
in  vivo  [56].  The  reason  for  doing  this  is  that  raloxifene  will  be 
used  indefinitely  to  prevent  osteoporosis  [19]  and  breast  can¬ 
cer  [21].  The  same  evolution  of  acquired  resistance  occurs  with 
the  development  of  Phase  I  and  Phase  II  raloxifene  resistance, 
characterized  by  Phase  I  resistance  with  estradiol-  or  raloxifene- 
stimulated  tumor  growth,  and  Phase  II  resistance  characterized 
by  estradiol-induced  tumor  regression.  It  is  perhaps  relevant 
to  point  out  that  M  CF-7  cells  exposed  to  both  raloxifene  and 
estrogen  deprivation  in  vitro  rapidly  advance  to  Phase  II  resis¬ 
tance  with  estradiol-induced  apoptosis  in  vivo  [55]. 

Additionally,  there  are  a  couple  of  other  clinically  relevant 
points  that  can  be  made  about  acquired  SERM  resistance  in 
the  laboratory.  The T 47 D  cell  line  advances  to  Phase  I  tamox¬ 
ifen  resistance  but  does  not  progress  to  Phase  II.  The  fact  that 
T47D  cells  have  mutant  p53  may  be  relevant  as  estrogen- 
induced  apoptosis  does  not  develop. 

The  pure  anti  estrogen  fulvestrant  is  an  excellent  anti  estro¬ 
gen/antitumor  agent  in  the  laboratory,  but  results  have  been 
disappointing  clinically  until  the  recent  successful  use  of  twice 
the  recommended  dose  [94].  Laboratory  studies  with  Phase  II 
tamoxifen-resistanttumorsgrown  in  athymic  mice  suggest  that 
the  second-line  use  of  fulvestrant  in  an  environment  of  physi¬ 
ologic  estrogen  is  destined  to  fail  and,  in  fact,  cause  enhanced 
tumor  growth  [96].  The  reason  for  this  is  unknown. 

The  fact  that  aromatase  inhibitors  are  now  the  adju¬ 
vant  treatment  of  choice  for  postmenopausal  patients  with 
ER-positive  breast  cancer  makes  an  examination  of  acquired 
resistance  mandatory.  Suffice  to  say  that  the  principles  first 
descri  bed  for  SE  R  M  s  are  true  for  aromatase  i  nhi  bitors  and  the 
development  of  acquired  resistances  estrogen  deprivation  in 
vivo  [97-99]  and  in  vitro  [32,  42-44, 100]. 


Figure  9  Diagram  of  the  growth  rates  of  M  CF-7  tumors  during  the 
evolution  of  drug  resistances  SERMs.  (A)  During  Phase  I  SERM 
resistance,  tumors  transplanted  into  athymic  mice  grow  in  response 
to  either  a  SERM  ,  tamoxifen  (Tam)  or  raloxifene  (Ral),  or  estrogen, 
but  no  estrogen  (equivalents  the  use  of  an  aromatase  inhibitor  used 
cl  i  ni  cal  I  y  after  T  am  resi  stance  occurs)  or  fulvestrant  does  not  support 
growth  (fulvestrant  is  used  in  this  indication  as  a  second-line  ther¬ 
apy).  (B)  During  Phasell  SERM  resistance,  tumors  transplanted  into 
athymic  mice  treated  with  SERM  s  now  grow  with  a  SERM  (Tam  or 
Ral).  No  treatment  (equivalents  an  aromatase  inhibitor  clinically) 
causes  growth  to  slow,  as  does  administering  fulvestrant,  but  physi¬ 
ologic  estradiol  (E2)  causes  dramatic  apoptosis  and  tumor  regression. 
Paradoxically,  physiologic  E2  plus  fulvestrant  actually  causes  tumor 
growth.  The  low  concentration  of  fulvestrant  cancels  out  the  apop¬ 
totic  effect  of  E2  thereby  redirecting  E2  as  a  growth  signal,  but  higher 
concentrations  of  fulvestrant  now  have  effective  antitumor  effects. 
This  is  now  noted  clinically  [94]. 

Mechanisms  of  acquired  antihormone  resistance 

B  reast  cancer  can  be  resistant  to  anti  hormones  in  varied  ways. 
As  previously  noted,  intrinsic  resistance  can  occur  de  novo 
wherein  antihormone  therapy  generates  no  disease  regres¬ 
sion.  This  occurs  in  ER-negative  tumors,  as  well  as  in  some 
subgroups  of  ER-positive  tumors.  However,  wewill  focus  on 
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the  mechanisms  involved  in  the  evoiution  of  acquired  anti¬ 
hormone  resistance.  Acquired  resistance  to  anti  hormone  ther¬ 
apy  can  be  caused  by  three  main  mechanisms  to  be  discussed 
here:  loss  of  ER  function,  aberrant  growth  factor  signaiing, 
and  estrogen-induced  apoptosis. 

Loss  of  ER  function  as  a  mechanism  of  acquired 
antihormone  resistance 

Experiments  in  vitro  provide  an  initial  platform  for  studying 
the  mechanisms  of  acquired  anti  hormone  resistance,  First,  if 
the  ER  in  breast  cancer  cells  is  altered,  the  effects  of  anti  hor¬ 
mones  will  be  altered  accordingly.  If  ER  expression  is  lost,  the 
whole  mechanism  of  endocrine  therapy  will  be  undermined; 
ER-mediated  actions  will  no  longer  contribute  to  proliferation 
or  apoptosis.  Similarly,  if  ER  is  mutated  in  such  a  way  that  no 
longer  binds  its  ligands,  resistance  will  occur.  Nonetheless, 
ER  mutation  is  not  a  major  factor  in  drug  resistance  but  one 
examplethat  has  provided  insight  into  ER  modulation  of  anti¬ 
estrogen  action  [101-104], 

If  the  promoter  regions  of  E  R  target  genes  are  hypermethy- 
lated  during  acquired  resistance,  transcription  of  ER  target 
genes  is  again  blocked,  abrogating  antihormone  efficacy  in 
vitro  [105],  Coupling  of  ubiquitin  conjugation  to  ER  deg¬ 
radation  (CUE)  domains  are  approximately  50  amino  acids 
long  and  bind  monoubiquitin  molecules  used  in  trafficking 
and  ubiquitylation  [106],  CUE  domain-containing  protein-2 
(CUEDC2)  is  shown  to  have  an  inverse  correlation  with  ER 
protein  expression  in  breast  cancer  cells  in  vitro.  High  lev¬ 
els  of  CUEDC2  protein  expression  correlate  with  tamoxifen 
resistance,  probably  due  to  loss  of  ER  via  the  ubiquitin/prote- 
osome  pathway  [107], 

If  the  ER  is  inactivated  because  of  histone  methylation  or 
deacetylation,  treating  breast  cancer  cells  that  have  acquired 
resistance  to  antihormones  with  a  histone  deacetylase 
(HDAC)  inhibitor  can  re-activate  the  ER.  This  concept  has 
been  illustrated  using  ER-negativeM  DA-M  B-231  wherein  an 
HDAC  inhibitor  generates  both  ER  and  aromatase  expression. 
Letrozole  can  then  be  used  as  effective  treatment  [108],  sug¬ 
gesting  a  potential  treatment  mechanism  for  ER-positive  cells 
that  have  lost  ER  expression  during  acquired  resistance.  Loss 
or  reduction  of  ER  as  a  primary  cell  survival  pathway  can  also 
be  replaced  by  an  increase  in  the  mosaic  of  growth  factor  sig¬ 
naling  pathways.  These  pathways  can  modulate  and  subvert 
steroid  hormone  receptor  synthesis  and  action  [109, 110], 

Growth  factor  signaling  as  a  compensatory 
mechanism  of  survival 

Growth  factor  signaling  and  ER  crosstalk  are  consistent 
mechanisms  by  which  acquired  resistance  to  antihormones 
develops.  1 1  provides  the  breast  cancer  cells  a  means  of  escape 
from  suppressive  signaling  and  a  way  to  continue  prolifera¬ 
tion.  Growth  factors  may  be  able  to  contribute  enough  pro¬ 
liferative  signal  to  drive  ER  target  gene  transcription  even 
without  normal  ER  ligand  [111],  Growth  factor  signaling 
contributes  indirectly  to  ER  function,  both  genomically  and 
non-genomically  [111], 


An  important  mechanism  for  bypassing  anti  hormone-in¬ 
duced  apoptosis  is  through  increased  expression  of  membrane 
receptor  tyrosine  kinases,  including  epidermal  growth  factor 
receptor  (EGFR),  insulin-like  growth  factor  receptor  (IGFR), 
fibroblast  growth  factor  receptor  (FGFR),  and  HER2,  These 
membrane  receptors  can  activate  not  only  the  ER  signaling 
pathway  [112]  but  also  the  MARK  and  A  KT  signal  transduc¬ 
tion  pathways  through  increased  phosphorylation  of  p42/44. 
This  is  demonstrated  in  vitro  using  M  CF-7:LTED  cell  growth 
inhibition  by  IGFR  knockdown  [113],  OSI-906,  an  IGFR 
tyrosine  kinase  inhibitor,  prevents  M  CF-7:LTED  growth  both 
in  vitro  and  in  vivo  [113], 

When  EGFR  is  transfected  into  ZR-75-1  cells,  the  cells 
become  estrogen- independent.  These  cells  become  ER  neg¬ 
ative  when  tamoxifen  is  introduced  and  continued  to  grow 
using  EGF  and  its  receptor,  indicating  a  possible  growth 
mechanism  for  antihormone-resistant  breast  cancer  cells 
[114],  Further,  ZR-75-1  cells  treated  with  a  5-azacytidine  (a 
DNA  methylation  inhibitor  used  to  study  influence  of  epige¬ 
netic  changes  on  acquired  estrogen  independence)  develop 
estrogen  independence  when  grown  in  estrogen-free  media, 
increasing  their  HER2  and  EGFR  expression.  Growth  of 
these  antihormone-resistant  cells  can  be  slowed  by  an  anti- 
EGFR  antibody,  indicating  a  crucial  roleof  EGFR  and  growth 
factor  signaling  in  the  progression  of  anti  hormone  resistance 
in  ZR-75-1  cells  [115],  When  EGF-stimulated  growth  was 
measured  in  M  CF-7  cells,  it  was  not  able  to  be  blocked  by 
tamoxifen,  4-hydroxytamoxifen,  norICI  164,384,  suggesting 
an  important  growth  factor  influence  on  their  proliferation 
[116],  Further,  breast  cancer  cells  with  amplified  FGFR  show 
increased  resistance  to  4-hydroxytamoxifen  in  vitro,  revers¬ 
ible  with  FGFR-targeted  siRNA,  indicating  a  mechanism 
driving  endocrine  resistance  [117], 

If  cancer  cells  are  using  downstream  signaling  pathways 
to  continue  their  growth  independent  of  ER,  then  blocking 
key  signaling  molecules  could  reveal  additional  mechanisms 
of  escape.  Antagonists  of  downstream  ER  signaling  pathway 
protei  ns,  such  as  mammal  i  an  target  of  rapamyci  n  ( mTO  R )  and 
phosphoinositide  3-kinase  (PI3K),  provide  potential  targets 
to  prevent  breast  cancer  growth  after  antihormone  resistance 
occurs,  The  combination  of  tamoxifen  and  the  mTOR  inhibi¬ 
tor  RADOOl  have  an  additive  effect  on  M  CF-7  cells,  together 
blocking  tumor  growth  in  vitro  better  than  either  agent  alone 
[118],  identifying  mTOR  as  an  important  target  to  delay  the 
development  of  anti  hormone  resistance. 

Breast  cancer  cells  that  have  acquired  letrozole  resistance 
highly  overexpress  the  growth  factor  progranulin  when  com¬ 
pared  to  their  letrozole-sensitive  counterparts  in  vitro  [119], 
Progranulin  is  shown  in  the  laboratory  to  cause  breast  cancer 
cells  to  acquire  letrozole  resistance,  and  knocking  down  this 
growth  factor  can  confer  letrozole  sensitivity  to  cells  that  had 
acquired  letrozole  resistance,  thereby  blocking  their  prolifera¬ 
tion  [119],  This  example  again  demonstrates  the  complexity 
and  flexi  bi  I  i ty  of  breast  cancer  cel  I s  to  uti  I  i ze  growth  factor  sig- 
naling  for  survival  after  long-term  anti  hormone  therapy  [119], 

Long-term  estrogen-deprived  ER-positive  breast  can¬ 
cer  cells  transfected  with  the  human  aromatase  gene  were 
studied  in  ovariectomized  athymic  nude  mice  to  elucidate 
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mechanisms  of  acquired  resistance  to  aromatase  inhibitors  in 
vivo.  Similar  concepts  emerge  in  vivo  as  have  been  described 
in  vitro.  Letrozoie-resistanttumors  express  decreased  levelsof 
ER  compared  with  ietrozole-sensitive  tumors  in  vivo  and  an 
increase  in  HER2  (six-fold)  and  IGFR  tyrosine  kinase  recep¬ 
tors  and  their  downstream  signaiing  proteins  (e.g.,  MARK), 
suggesting  a  shift  in  signaiing  pathways  away  from  ER 
[99,  120-123].  Inhibiting  these  tumors  with  the  anti-HER2 
monoclonal  antibody  trastuzumab  restores letrozole sensitivity 
[123, 124]  by  downregulating  HER2  and  restoring  ER  expres¬ 
sion  [108].  This  indicates  that  letrozole-resistant  ER-positive 
tumors  utilize  HER2  signaling  to  survive  despite  therapy. 
HER2  and  ER  expressions  were  shown  in  vivo  to  correlate 
inversely  with  one  another;  that  is,  when  H  ER2  is  inactivated 
by  trastuzumab  ER  expression  increases,  and  the  cells  become 
re-sensitized  to  antihormones  and  aromatase  inhibition  [99, 
121].  EGFR  inhibitors  are  also  able  to  restore  letrozole  sen¬ 
sitivity  [122]. 

Proteins  involved  in  the  MARK  signaling  pathway,  p-Raf, 
p-M  ekl/2,  and  p-M  ARK,  are  increased  in  tumors  in  vivo  that 
have  acquired  resistance  to  letrozole  [122,  123,  125],  sug¬ 
gesting  the  activation  of  aberrant  signaling  for  compensatory 
proliferation  after  long-term  aromatase  inhibition.  Blocking 
ER  with  fulvestrant  simultaneously  with  the  PI3K  inhibitor 
wortmannin  is  more  effective  than  antihormone  alone,  sug¬ 
gesting  that  the  pathway  involving  PI3K  provides  a  means  of 
growth  escape  to  long-term  anti  hormone-treated  breast  can¬ 
cers  [126], 

Growth  factors,  e.g.,  the  nuclear  coactivator  amplified  in 
breast  cancer- 1  (AIBl,  also  called  SRC-3  and  NCoA-3)  can 
activate  the  ER  pathway  during  anti  hormone  treatment.  In  the 
clinical  setting,  high  levels  of  AIBl  expression  in  tamoxifen- 
treated  tumors  is  associated  with  worse  disease-free  survival 
for  breast  cancer  patients,  illustrating  the  importance  of 
AIBl  in  the  resistance  pathway  [127],  AIBl  exerts  control 
over  many  of  the  growth  factor  signaling  pathways  relevant 
to  acquired  antihormone  resistance,  such  as  EGFR,  FIER2, 
PI3K,  and  mTOR,  and  interacts  with  many  proteins  associ¬ 
ated  with  transcription,  cell  cycle  regulation,  and  protein  deg¬ 
radation  [128, 129]. 

Estrogen-induced  apoptosis  mechanisms  during 
acquired  Phase  il  resistance 

The  most  significant  aspect  of  the  evolution  of  antihormone 
resistance  is  the  drift  toward  reconfiguring  signaling  networks 
to  make  the  cell  survive  with  no  estrogen,  but  this  creates  a 
vulnerability  to  estrogen-induced  apoptosis.  After  5  years  of 
treatment  with  anti  hormones,  the  sophisticated  growth  path¬ 
ways  become  sensitive  and  paradoxically  collapsed  by  estro¬ 
gen,  once  a  growth  and  survival  signal.  Clinically  in  the  past, 
women  with  breast  cancer  have  been  successfully  treated 
with  high-dose  estrogen  therapy  [130, 131].  This  was  the  first 
effective  chemical  therapy  for  any  cancer  and  was  the  stan- 
dard-of-care  before  tamoxifen  [132],  Investigation  has  sought 
to  uncover  mechanisms  by  which  apoptosis  occurs  in  Rhase 
ll-acquired  resistance  and  how  estrogen  makes  this  switch  in 
signaling. 


B-cell  lymphoma  2  (Bcl-2)  is  a  signaling  molecule 
expressed  in  40%-80%  of  primary  breast  cancers  that  func¬ 
tions  to  prevent  apoptosis  [133],  thereby  contributing  to 
malignancy  and  resistance.  It  acts  as  an  antiapoptotic  signal 
in  long-term  estrogen-deprived  ER-positive  breast  cancer 
cells  [134]  to  subvert  estrogen-induced  apoptosis.  Inhibition 
of  Bcl-2  via  siRNA  in  vitro  confers  caspase-7  and  caspase-9 
activation  and  causes  the  cells  to  be  synergistically  sensitive 
to  estrogen-induced  apoptosis  [134],  making  Bcl-2  an  inter¬ 
esting  therapeutic  target.  Bcl-2-interacting  killer  (BIK)  reg¬ 
ulates  calcium  release  from  the  endoplasmic  reticulum  that 
triggers  downstream  mitochondria-mediated  apoptosis,  also 
inhibiting  Bcl-2.  Fligh  levels  of  BIK’s  inhibitory  chaperone, 
GRR78,  in  ER-positive  breast  cancer  cells,  prevents  apoptosis 
and  causes  endocrine  resistance  [135],  thereby  asserting  itself 
as  another  potential  therapeutic  target. 

Studies  of  varied  ER-positive  breast  cancer  cells  began 
to  investigate  the  unique  properties  of  physiologic  estrogen 
that  causes  tumor  regression  in  postmenopausal  women  [43], 
Santen's  group  showed  in  2001  [43]  estrogen- independent 
growth  of  MCF-7:LTED  cells  and  significant  reduction  of 
tumor  growth  when  treated  with  estradiol.  Using  annexin 
V  staining  and  Western  blot  analysis,  the  experiments  dem¬ 
onstrated  induction  of  FasL,  a  death  receptor  ligand  associ¬ 
ated  with  the  apoptosis  cascade,  when  cells  were  treated  with 
estradiol  [43],  Thisfinding  established  the  notion  of  estrogen- 
inducing  Fas-mediated  apoptosis  in  LTED  breast  cancer  cells. 
Apoptosis  via  the  Fas/FasL  pathway  was  increased  7-fold  in 
the  estradiol -treated  LTED  breast  cancer  cel  Is  when  compared 
to  the  vehicle-treated  LTED  cells  [43].  FasmRNA  and  protein 
were  also  increased  in  M  CF-7:Tam  tumors  in  vivo,  correlated 
with  decreases  in  NF-kB  expression.  The  laboratory  experi¬ 
ment  showed  that  increased  Fas  signaling  and  simultaneous 
suppression  of  NF-kB's  antiapoptotic  signaling  may  be  char¬ 
acteristic  of  estradiol-induced  apoptosis  [96], 

Estrogen-induced  apoptosis  can  also  originate  through  the 
intrinsic  mitochondrial  apoptosis  pathway,  when  cytochrome 
C  is  released  from  the  mitochondria  [44].  This  is  shown  in 
the  laboratory  using  M  CF-7:5C  cells  in  vivo  [44].  M  CF-7:5C 
cells  injected  into  ovariectomized  athymic  mice  exhibited 
increased  apoptotic  protein  (e.g,,  Bax,  Bim,  p53)  expression 
and  tumor  regression  when  treated  with  estradiol  [44], 

In  tamoxifen-stimulated  (Rhase  II  resistant)  M  CF-7  xeno¬ 
grafts,  fulvestrant  can  reverse  estrogen-induced  apoptosis, 
stimulating  growth  and  expression  of  phosphorylated  HER2, 
FIER3,  p-ERKl/2,  and  p-GSK3a  and  p  proteins  [136]. 
Rertuzumab  blocks  the  interaction  of  p-HER2  and  HER3  and 
is  able  to  decrease  tumor  growth  in  this  model  in  vivo,  sug¬ 
gesting  that  fulvestrant  stimulation  of  anti  hormone-resistant 
ER-positive  breast  cancers  depend  not  on  ER  or  ER  target 
genes,  but  on  the  FIER2/FIER3  signaling  pathway  [136]. 

Additionally,  AIBl  is  required  for  estrogen-induced  apop¬ 
tosis  in  M  CF-7:5C  cells  in  vitro.  The  Wellstein  group  found 
that  AIBl  is  involved  in  signaling  pathways  that  encourage 
apoptosis  in  this  context,  most  prominently  through  asso¬ 
ciations  with  G -protein-coupled  receptors,  RI3K,  Wnt,  and 
Notch  signaling  pathways  [129].  MCF-7  gene  expression 
was  examined  for  the  WS8  (wild  type),  5C,  and  2A -derived 
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cell  lines  to  examine  differences  in  gene  reguiation  during 
Phase  II  estrogen-induced  apoptosis  [100].  For  the  cell  line 
most  sensitive  to  estrogen-induced  apoptosis  (MCF-7:5C), 
genes  associated  with  estrogen  signaling,  endoplasmic  retic¬ 
ulum  stress,  and  inflammation  were  upregulated,  along  with 
apoptotic  genes  such  as  BIM  and  caspase-4,  in  comparison 
to  WS8  and  2A  cells.  Analysis  of  the  gene  regulation  and 
protein  expression  indicates  that  estrogen-induced  apoptosis 
is  induced  through  an  inflammatory  response  in  the  breast 
cancer  cells,  inducing  proinflammatory  genes  (e.g.,  IL,  IFM  , 
arachidonic  acid)  [100].  The  aforementioned  examples  allow 
translational  research  to  apply  laboratory-revealed  mecha¬ 
nisms  of  acquired  resistance  to  anti  hormones  toward  treat¬ 
ment  strategies  for  overcoming  or  preventing  such  resistance 
in  ER-positive  breast  cancer, 

Clinical  translation  via  cell  models  of  ER-positive 
breast  cancer 

Laboratory  models  in  vitro  and  in  vivo  are  the  invaluable 
link  to  clinical  translation  and  enhanced  patient  survivor¬ 
ship.  During  the  past  three  decades,  the  ER-positive  breast 
cancer  cell  lineM  CF-7  has  been  indispensable  in  this  process 
not  only  to  test  therapeutic  strategies  but  also  to  advance  our 
understanding  of  hormone-dependent  cancer  growth  [32]. 
The  M  CF-7  cell  line  was  the  first  hormone-responsive  breast 
cancer  cell  line  used  effectively  to  decipher  hormone  action 
in  breast  cancer  [32].  Additionally,  the  ER  from  M  CF-7  cells 
was  prepared  on  an  "industrial  scale"  to  prepare  the  first 
monoclonal  antibodies  [137, 138],  These  antibodies  are  now 
used  ubiquitously  to  determine  the  ER  status  of  a  patient's 
tumor  by  immunohistochemistry  [139-142]  or  flow  cytome¬ 
try  [143-145],  However,  it  was  the  acquisition  of  monoclonal 
antibodies  that  permitted  the  cloning  and  sequencing  of  the 
human  ER  [146-148],  This  advance  has  had  a  major  impact 
on  our  understanding  of  the  structure-function  relationships 
of  ER-mediated  cell  regulation. 

The  availability  of  ER-positive  breast  cancer  cells  and  the 
development  of  models  to  test  therapeutic  strategies  continue 
to  play  an  essential  part  in  the  development  of  clinical  trials, 
By  way  of  example,  we  will  close  by  considering  the  role  of 
the  M  CF-7  cell  line  in  patient  care.  To  set  the  scene,  we  will 
pi  ace  the  comments  i  n  the  context  of  current  cl  i  nical  practice, 
There  are  two  therapeutic  scenarios  to  consider:  disease  in 
the  premenopausal  patient  and  disease  in  the  postmenopausal 
patient. 

Premenopausal  women  who  present  with  ER-positive 
breast  tumors  are  generally  prescribed  combination  cyto¬ 
toxic  chemotherapy  with  5  years  of  adjuvant  tamoxifen 
treatment,  while  postmenopausal  women  with  ER-positive 
breast  cancer  are  likely  to  receive  an  aromatase  inhibitor,  If 
these  antiestrogenic  approaches  fail  to  prevent  recurrence, 
fulvestrant  is  used  as  a  second-line  anti  hormone  treatment 
[149], 

The  strategy  of  targeting  the  ER  in  the  tumor  micrometas- 
tases  with  long-term  adjuvant  tamoxifen  was  created  using 
the  7, 12-di methyl benz(a)anthracene  (DM  BA)-induced  rat 


mammary  carcinoma  model  [1,  3,  150],  The  first  specific 
aromatase  inhibitor,  4-hydroxyandrostenedione  (formestane) 
was  compared  and  contrasted  to  tamoxifen  in  the  DM  BA- 
induced  rat  mammary  carcinoma  model  [151-153],  but  with 
the  development  of  the  model  of  estrogen-simulated  M  CF-7 
tumors  grown  in  athymic  mice  in  the  early  1980s  [37, 38],  the 
DM  BA  model  was  discarded.  Initial  studies  in  the  athymic 
mouse  model  [77]  only  served  to  confirm  the  previous  results 
in  the  DM  BA  model,  but  the  breakthrough  with  the  MCF-7 
model  really  occurred  with  the  discovery  of  the  evolution  of 
drug  resistance  to  either  tamoxifen  (or  indeed  any  SERM  s)  or 
aromatase  inhibitors,  We  will  consider  several  examples  of 
progress  using  models  of  resistance  in  available  breast  cancer 
cell  lines  that  are  changing  patient  care. 

The  discovery  that  in  vivo-acquired  tamoxifen  resis¬ 
tance  is  unique,  as  the  tumors  grow  with  either  tamoxifen 
or  physiologic  estrogen  [80],  recreated  a  new  dimension  to 
consider  in  therapeutics:  the  tumor  was  amplifying  the  weak 
estrogen-like  properties  of  tamoxifen  by  cell  selection.  An 
antiestrogenic  strategy  of  no  estrogen  (an  aromatase  inhibi¬ 
tor)  or  an  antiestrogen  with  no  estrogen-like  properties  was 
required.  The  genesis  and  development  of  fulvestrant,  the 
injectable  long-acting  pure  steroidal  antiestrogen  is  long, 
dating  back  to  the  mid-1970s,  but  only  now  is  the  clinical 
community  able  to  apply  the  drug  optimally  for  appropriate 
patient  care  [94], 

The  idea  for  studying  the  therapeutic  value  of  6,7-substi- 
tuted  estradiol  analogs  was  started  through  a  joint  research 
scheme  between  I  Cl  pharmaceutical  division  and  Leeds 
University.  The  idea  was  to  develop  a  cytotoxic  carrier 
molecule  based  on  the  binding  of  estradiol  to  ER  that  would 
invariably  target  and  destroy  ER-positive  metastases  [154], 
The  last  compound  tested  in  the  series  was  a  7-substituted 
(-CH  2-)io  chain  with  the  alkylating  function  on  the  end.  This 
was  based  on  the  knowledge  from  Roussel  Uclaf  chemists 
who  had  made  resin  columns  to  extract  and  purify  the  ER 
[155],  The  7-substitution  was  an  appropriate  substitution 
to  retain  ER  binding.  The  project  to  discover  ER -targeted 
cytotoxic  agents  was  abandoned,  but  subsequently,  and 
independently,  scientists  at  1C  I  pharmaceuticals  discov¬ 
ered  the  merits  of  this  class  of  molecules  to  create  a  "pure" 
antiestrogen  [156],  The  lead  compound,  ICI  164,384,  first 
tested  successfully  in  the  tamoxifen-stimulated  MCF-7 
tumor  athymic  mouse  model  [81],  provided  the  reassurance 
necessary  for  the  clinical  development  of  fulvestrant  [47]  or 
an  aromatase  inhibitor  as  a  second-line  agent  following  the 
failure  of  tamoxifen  [92,  93],  The  clinical  results  mimicked 
the  animal  data. 

Osborne's  group  made  the  important  discovery  that  trans¬ 
fection  of  the  HER2/neu  gene  would  enhance  and  accelerate 
the  development  of  resistance  in  M  CF-7  cells  to  tamoxifen 
[49],  This  has  had  important  implications  for  the  selection  of 
breast  cancer  patients  for  tamoxifen  treatment,  Indeed,  it  is 
the  important  interplay  and  interaction  of  the  ER  and  growth 
factor  receptor  pathways  that  is  currently  a  major  focus  of 
translational  research.  The  question  has  become,  "what  are 
the  mechanisms  and  changes  that  occur  in  breast  cancer 
cell  populations  that  cause  acquired  resistance?"  Once  this 
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question  is  answered,  it  will  be  followed  by  a  different  ques¬ 
tion  of,  "how  do  we  use  the  knowledge  to  delay  the  process 
and  improve  survivorship?"  A  clinical  trial  was  launched  in 
2009  comparing  lapatinib,  a  HER2  tyrosine  kinase  inhibitor, 
with  letrozolevs.  letrozole  alone  in  postmenopausal  hormone 
receptor-positive  patients  who  have  acquired  tamoxifen  resis¬ 
tance  [157],  Lapatinib  increases  progression-free  survival  in 
these  patients  better  than  the  aromatase  inhibitor  alone,  illus¬ 
trating  a  compensatory  mechanism  of  antihormone-resistant 
cells  via  HE  R2  after  tamoxifen  failure  [157],  There  are  ongo¬ 
ing  preclinical  and  clinical  trials  investigating  the  EGFR 
pathway  as  a  growth  mechanism  after  acquired  resistance, 
comparing  antihormone  treatments,  such  as  tamoxifen  and 
aromatase  inhibitors,  with  and  without  EGFR  inhibitors,  such 
asgefitinib  and  erlotinib  [158, 159]. 

Breast  cancer  cells  that  have  acquired  resistance  to  anti¬ 
estrogen  therapy  are  shown  to  remain  sensitive  to  therapies 
targeted  against  the  PI3K  pathway  [160].  Signaling  molecules 
in  the  PI3K  pathway  are  frequently  mutated  in  antihormone- 
resistant  ER-positive  breast  cancer  and  comprise  a  targeta- 
ble  pathway  to  inhibit  for  effective  therapy  [160],  Multiple 
Phase  I  and  Phase  1 1  prospective  randomized  trials  focused  on 
combinations  of  PI3K  pathway  inhibitors  (e.g.,  everolimus, 
trastuzumab,  lapatinib,  gefitinib,  enzastaurin,  tipifarnib,  BM  S- 
754807,  I  MCA  12,  AMG479)  and  anti  hormone  treatments 
(e.g.,  letrozole,  exemestane,  tamoxifen,  anastrozole,  fulves- 
trant)  are  underway  [160]  and  predicted  to  provide  valuable 
information. 

The  encouraging  study  of  mTOR  inhibitors  in  anti  hormone 
resistance  has  advanced  to  a  successful  Phase  II  trial  compar¬ 
ing  the  effectiveness  of  letrozole,  an  aromatase  inhibitor,  treat¬ 
ment  alone  vs.  letrozole  pi  us  the  mTOR  inhibitor,  everolimus, 
in  patients  with  ER-positive  breast  cancer.  The  results  [161] 
demonstrate  increased  response  rates  for  the  combination 
arm,  which  has  prompted  the  initiation  of  a  Phase  III  clinical 
trial  comparing  everolimus  in  combination  with  exemestane, 
a  different  aromatase  inhibitor,  for  postmenopausal  women 
with  ER-positive  breast  cancer  resistant  to  other  aromatase 
inhibitors  [162, 163]. 

Brodie’s  group  has  advanced  knowledge  of  the  devel¬ 
opment  of  acquired  resistance  to  aromatase  inhibitors. 
Fulvestrant  (to  destroy  the  ER)  plus  an  aromatase  inhibitor 
is  superior  to  either  strategy  alone  [89],  and  trastuzumab 
reverses  letrozole  resistance  and  amplifies  the  sensitivity  of 
breast  cancer  cells  to  estrogen  [164].  Each  of  these  strategies 
has  been  addressed  in  clinical  trials  [165-167]  recruiting 
patients  with  ER-positive  tumors  in  late-stage  breast  cancer, 
but  it  w  i  1 1  be  i  n  the  ad]  uvant  setti  ng  that  most  gai  ns  may  occur 
for  patientsurvivorship.  Osborne's  group  [158, 168]  has  inde¬ 
pendently  pioneered  the  strategy  of  using  multiple  inhibitors 
of  the  growth  factor  receptor  family  in  combination  with 
either  estrogen  deprivation  or  tamoxifen  therapy,  and  these 
strategies  are  moving  into  clinical  trial. 

However,  it  is  the  laboratory  knowledge  derived  from 
the  evolution  of  acquired  resistance  to  long-term  antihor¬ 
mone  therapy  that  is  providing  an  insight  into  past  clinical 
research  and  future  opportunities.  All  MCF-7  orT47D  labo¬ 
ratory  models  for  SERM  resistance  in  vivo  develop  acquired 


resistance  within  a  year  or  two.  This  is  consistent  with  the 
endocrine  treatment  of  metastatic  breast  cancer  but  does  not 
explain  the  remarkable  success  of  5  years  adjuvant  tamoxifen 
to  create  a  30%  decrease  in  mortality,  not  only  during  therapy 
but  sustained  for  10  years  after  therapy  stops  [7],  The  treat¬ 
ment  of  micrometastatic  disease  with  tamoxifen  is  clearly 
different  than  treatment  of  established  tumors,  A  break¬ 
through  occurred  inthe  early  1990swith  the  finding  that  three 
repeated  transplantations  of  small  MCF-7  tumor  pieces  into 
subsequent  generations  of  tamoxifen-treated  athymic  mice 
for  more  than  5  years  exposes  a  vulnerability  to  the  tumor 
cells  that  rapidly  die  during  physiologic  estrogen  treatment 
[84,  85].  This  phenomenon  was  originally  advanced  [84]  to 
explain  the  sustained  antitumor  action  of  tamoxifen  when 
adjuvant  treatment  is  stopped.  It  was  suggested  that  women’s 
own  estrogen  causes  apoptosis  in  micrometastases  during 
Phase  II  of  acquired  resistance.  Subsequent  studies  in  vitro 
with  estrogen-deprived  MCF-7  breast  cancer  cells  demon¬ 
strated  estradiol-induced  apoptosis  [43,  44]. 

Based  on  these  studies  with  MCF-7  cells  alone,  clinical 
trials  have  demonstrated  the  effectiveness  of  both  high-  and 
low-dose  estrogen  therapy  to  treat  breast  cancer  following 
the  development  of  acquired  resistance  to  anti  hormone  ther¬ 
apy  in  metastatic  disease  [95,  169],  The  approach  [84,  170] 
is  now  being  applied  indirectly  to  adjuvant  clinical  trials  of 
long-term  adjuvant  therapy  (Study  of  Letrozole  Extension), 
where  it  is  anticipated  that  a  3-month  drug  holiday  per  year 
for  5  years  may  reduce  recurrence  rates  during  letrozole  adju¬ 
vant  therapy.  This  is  the  same  principle  that  is  now  applied  to 
explain  [171]  the  efficacy  of  low-dose  estrogen  replacement 
alone  to  reduce  the  incidence  of  breast  cancer  in  women  with 
a  median  of  20  years  past  their  menopause  (i.e.,  long-term 
estrogen  deprivation)  [172]. 

F  or  the  f  utu  re  of  research  i  n  cel  I  ul  ar  model  s  of  breast  cancer 
and  acquired  resistance  to  anti  hormone  therapy,  there  are  four 
new  developments.  First,  new  primary  breast  cancer  cell  lines 
are  being  developed  and  tested  both  in  vivo  and  in  vitro  for 
drug  sensitivity.  Second,  a  huge  pool  of  human  breast  cancer 
cell  lines  has  been  interrogated  for  drug  sensitivity  and  path¬ 
way  analysis  completed  to  procure  new  clinical  strategies  for 
treatment  [173,  174],  Third,  signatures  have  been  created  to 
define  acquired  drug  resistance  to  tamoxifen  in  existing  breast 
cancer  cell  lines  [117, 175]  that  can  be  applied  to  clinical  trial. 
Finally,  new  methodologies  are  now  available  to  enrich  for 
breast  cancer  stem  cells  and  expanding  this  populations  for 
d  rug  sensi  ti  V  i  ty  testi  ng[176]. Should  thefutu  re  of  the  "many" 
new  cell  systems  from  primary  tumors  deliver  the  promise 
achieved  by  the  "few"  cell  lines  in  the  past,  then  there  is  every 
reason  to  believe  that  enormous  progress  will  occur  in  the 
successful  treatment  and  prevention  of  breast  cancer  in  the 
coming  decades. 
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The  2012  Hormone  Therapy  Position  Statement  of 
The  North  Ameriean  Menopause  Soeiety 


Abstract 

Objective:  This  position  statement  aimed  to  update  the  evidence-based  position  statement  published  by  The 
North  American  Menopause  Society  (NAMS)  in  2010  regarding  recommendations  for  hormone  therapy  (HT)  for 
postmenopausal  women.  This  updated  position  statement  further  distinguishes  the  emerging  differences  in  the 
therapeutic  benefit-risk  ratio  between  estrogen  therapy  (ET)  and  combined  estrogen-progestogen  therapy  (EPT)  at 
various  ages  and  time  intervals  since  menopause  onset. 

Methods:  An  Advisory  Panel  of  expert  clinicians  and  researchers  in  the  field  of  women’s  health  was  enlisted 
to  review  the  2010  NAMS  position  statement,  evaluate  new  evidence,  and  reach  consensus  on  recommendations. 
The  Panel’s  recommendations  were  reviewed  and  approved  by  the  NAMS  Board  of  Trustees  as  an  official  NAMS 
position  statement. 

Results:  Current  evidence  supports  the  use  of  HT  for  perimenopausal  and  postmenopausal  women  when  the 
balance  of  potential  benefits  and  risks  is  favorable  for  the  individual  woman.  This  position  statement  reviews  the 
effects  of  ET  and  EPT  on  many  aspects  of  women’s  health  and  recognizes  the  greater  safety  profile  associated  with  ET. 

Conclusions:  Recent  data  support  the  initiation  of  HT  around  the  time  of  menopause  to  treat  menopause-related 
symptoms  and  to  prevent  osteoporosis  in  women  at  high  risk  of  fracture.  The  more  favorable  benefit-risk  ratio  for 
ET  allows  more  flexibility  in  extending  the  duration  of  use  compared  with  EPT,  where  the  earlier  appearance  of 
increased  breast  cancer  risk  precludes  a  recommendation  for  use  beyond  3  to  5  years. 

Key  Words:  Biodentical  hormones  -  Breast  cancer  -  Cardiovascular  disease  -  Cognitive  decline  -  Coronary 
heart  disease  -  Dementia  -  Depression  -  Diabetes  mellitus  -  Endometrial  cancer  -  Estrogen  -  Estrogen-progestogen 
therapy  -  Estrogen  therapy  -  Hormone  therapy  -  Menopause  -  Mood  -  The  North  American  Menopause  Society  - 
Osteoporosis  -  Ovarian  cancer  -  Perimenopause  -  Postmenopause  -  Premature  menopause  -  Premature  ovarian 
insufficiency  -  Progestogen  -  Sexual  function  -  Stroke  -  Total  mortality  -  Urinary  health  -  Quality  of  life  -  Vaginal 
atrophy  -  Vaginal  health  -  Vasomotor  symptoms  -  Venous  thromboembolism  -  Women’s  Health  Initiative. 


The  intent  of  The  North  American  Menopause  Society 
(NAMS)  2012  Hormone  Therapy  Position  Statement 
is  to  clarify  the  benefit-risk  ratio  of  estrogen  therapy 
(ET)  versus  estrogen-progestogen  therapy  (EPT)  for  both 
treatment  of  menopause-related  symptoms  and  disease  pre¬ 
vention  at  various  time  intervals  since  menopause.  The  avail¬ 
ability  of  long-term  data  related  to  the  effects  of  hormone 
therapy  (HT)  both  during  and  after  use  of  HT  prompted  the 
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NAMS  Board  of  Trustees  to  update  its  position  statement. 
NAMS  convened  a  seventh  Advisory  Panel  to  provide  rec¬ 
ommendations.  The  Panel’s  recommendations  were  reviewed 
and  approved  by  the  201 1-2012  NAMS  Board  of  Tmstees. 

The  term  HT  is  used  to  encompass  both  ET  and  EPT  when 
outcomes  are  not  specific  to  one  or  the  other  treatment. 

These  statements  do  not  represent  codified  practice  stand¬ 
ards  as  defined  by  regulating  bodies  and  insurance  agencies. 

METHODS 

An  Advisory  Panel  of  clinicians  and  researchers  expert  in 
the  field  of  women’s  health  was  enlisted  to  review  the  pre¬ 
vious  position  statement  of  July  2010  (available  at  http:// 
www.menopause.org/PSHT10.pdf),  evaluate  the  literature  pub¬ 
lished  subsequently,  and  conduct  an  evidence-based  analysis 
with  the  goal  of  reaching  consensus  on  recommendations. 

NAMS  acknowledges  that  no  single  trial  data  can  be 
extrapolated  to  all  women.  However,  because  the  Women’s 
Health  Initiative  (WHI)  is,  for  some  outcomes,  the  only  large 
long-term  randomized  controlled  trial  (RCT)  of  postmeno¬ 
pausal  women  using  HT,  these  findings  were  given  prominent 
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consideration  among  all  the  studies  reviewed  in  the  develop¬ 
ment  of  this  position  statement.  Nonetheless,  the  WHI  hor¬ 
mone  trials  had  several  characteristics  that  limit  generalizing 
the  findings  to  all  postmenopausal  women.  These  include  the 
use  of  only  one  route  of  administration  (oral),  only  one  for¬ 
mulation  of  estrogen  (conjugated  estrogens  [CEs]),  and  only 
one  progestogen  (medroxyprogesterone  acetate).  Unlike  most 
HT  studies  that  focused  on  symptomatic,  recently  postmeno¬ 
pausal  women,  the  WHI  enrolled  generally  healthy  post¬ 
menopausal  women  aged  50  to  79  years  in  a  prevention  trial. 
These  parameters  should  be  taken  into  consideration  when 
applying  the  WHI  findings  to  clinical  practice  as  should  be 
the  findings  from  observational  studies  with  their  known 
limitations.  In  general,  the  panel  gave  more  weight  to  RCTs. 

BENEFITS  AND  RISKS  OF  HORMONE  THERAPY 
Vasomotor  symptoms 

ET  with  or  without  a  progestogen  is  the  most  effective 
treatment  of  menopause-related  vasomotor  symptoms  and  their 
potential  consequences,  such  as  diminished  sleep  quality,  irri¬ 
tability,  difficulty  concentrating,  and  subsequently  reduced  qual¬ 
ity  of  life  (QOL).^’^  Treatment  of  moderate  to  severe  vasomotor 
symptoms  remains  the  primary  indication  for  HT.  Almost  all 
systemic  HT  products  except  for  the  ultralow-dose  estradiol 
transdermal  patch  (approved  for  the  prevention  of  osteoporosis) 
have  government  approval  for  this  indication.^  Progestogen 
alone  also  reduces  vasomotor  symptoms  but  not  as  effectively 
as  estrogen  does."^ 

Vaginal  symptoms 

ET  is  the  most  effective  treatment  of  moderate  to  severe 
symptoms  of  vulvar  and  vaginal  atrophy  (eg,  vaginal  dryness, 
dyspareunia,  and  atrophic  vaginitis).^  Many  systemic  HT 
products  and  all  local  vaginal  ET  products  have  government 
approval  for  treating  symptomatic  vaginal  atrophy.  Some  low- 
dose  systemic  regimens  may  be  inadequate  for  the  relief  of 
vaginal  symptoms  and  may  require  the  addition  of  low-dose 
local  ET  to  achieve  the  desired  results.  When  ET  is  considered 
solely  for  treatment  of  vaginal  atrophy,  local  vaginal  ET  is 
advised.  Lower  doses  of  vaginal  ET  than  previously  used, 
with  less  frequent  administration,  often  yield  satisfactory 
results.^ 

A  progestogen  is  generally  not  indicated  when  ET  at  the 
recommended  low  doses  is  administered  locally  for  vaginal 
atrophy,  although  clinical  trial  data  supporting  endometrial 
safety  beyond  1  year  are  lacking.^  Because  endometrial  hyper¬ 
plasia  increases  with  increasing  dose  and  duration  of  estro¬ 
gen  exposure,  thorough  evaluation  of  any  uterine  bleeding  in 
women  using  low-dose  local  ET  is  advised. 

Sexual  function 

A  significant  effect  of  ET  on  sexual  interest,  arousal,  and 
orgasmic  response  independent  from  its  role  in  treating  men¬ 
opausal  symptoms  is  not  supported  by  current  evidence.^ 
Low-dose  local  ET  may  improve  sexual  satisfaction  by 
improving  lubrication  and  increasing  blood  flow  and  sensa- 
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tion  in  vaginal  tissues.  In  an  analysis  of  the  persistence  of 
sexual  activity  in  the  WHI,  HT  was  not  correlated  with  longer 
persistence  of  sexual  activity.^  HT  is  not  recommended  as  the 
sole  treatment  of  other  problems  of  sexual  function,  including 
diminished  libido. 

Urinary  tract  health 

Local  ET  may  benefit  some  women  with  overactive  blad¬ 
der.  One  RCT  found  that  an  estradiol  ring  had  a  clinical 
benefit  equivalent  to  that  of  oxybutynin  among  women  with 
overactive  bladder.  Systemic  HT  may  worsen  or  provoke 
stress  incontinence.  Ultralow-dose  transdermal  estradiol 
therapy  neither  increased  nor  decreased  incontinence.^^  A  large 
RCT  reported  an  increased  risk  of  kidney  stones  with  HT.^^ 

Two  studies  reported  a  decreased  risk  of  recurrent  urinary 
tract  infection  through  the  use  of  intravaginal  estrogen. 
Only  ET  administered  by  the  vaginal  route  has  been  shown  to 
be  effective  for  this  purpose.  No  HT  product  has  government 
approval  for  any  urinary  health  indication. 

Quality  of  life 

Although  no  HT  product  has  government  approval  for  en¬ 
hancing  QOL,  use  of  HT  can  result  in  an  improvement  in 
health-related  QOL  (HQOL)  in  symptomatic  women  through 
the  alleviation  of  symptoms.  There  is  no  clear  evidence 
that  HT  improves  HQOL  in  asymptomatic  women.^^'^^  With 
regard  to  physical  functioning  as  a  measure  of  HQOL,  data 
from  the  WHI  found  no  benefit  of  HT  in  women  65  years  or 
older  when  measured  for  grip  strength,  chair  standing,  and 
walking. 

Osteoporosis 

There  is  RCT  evidence  that  standard-dose  HT  reduces 
postmenopausal  osteoporotic  fractures,  including  hip,  spine, 
and  all  nonspine  fractures,  even  in  women  without  osteopo¬ 
rosis. Low  doses  are  effective  in  maintaining  or  improving 
bone  mineral  density.  No  HT  product  currently  has  government 
approval  for  the  treatment  of  osteoporosis.  Many  systemic  HT 
products,  however,  have  government  approval  for  the  pre¬ 
vention  of  postmenopausal  osteoporosis. 

When  alternate  osteoporosis  therapies  are  not  appropriate 
or  cause  adverse  effects,  the  extended  use  of  HT  is  an  option 
for  women  who  are  at  high  risk  of  osteoporotic  fracture.  There 
is  no  evidence  that  HT  stops  working  with  long-term  treat¬ 
ment;  however,  the  benefits  of  HT  on  bone  mass  and  fracture 
reduction  dissipate  quickly  after  the  discontinuation  of  treat- 
ment,^^’^^  necessitating  a  transition  to  a  different  osteoporo¬ 
sis  treatment  (or  prevention  strategy)  to  preserve  bone  mass. 
Within  a  few  years  of  the  discontinuation  of  ET  in  the  WHI, 
the  cumulative  incidence  of  hip  fracture  was  the  same  in  the 
ET  and  placebo  groups. 

Unless  there  is  a  contraindication,  women  experiencing 
an  early  menopause  who  require  prevention  of  bone  loss  are 
probably  best  served  by  the  administration  of  HT  or  oral  con¬ 
traceptives,  rather  than  other  bone-specific  treatments,  until  they 
reach  the  normal  age  of  menopause  at  which  time  treatment 
may  be  reassessed.  The  presumed  increased  risk  of  fracture  in 
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older  women  who  had  an  early  menopause,  however,  was  not 
substantiated  in  a  recent  report  from  the  Study  of  Osteoporotic 
Fractures.^^  Women  older  than  65  years  with  a  history  of  early 
menopause  and  no  HT  use  did  not  sustain  more  fractures  than 
did  the  group  who  had  menopause  at  the  average  age.  Removal 
of  both  ovaries  at  the  time  of  hysterectomy  compared  with 
ovarian  conservation  was  similarly  found  not  to  increase  the 
subsequent  rate  of  hip  fracture.^^ 

Cardiovascular  effects 

The  cardiovascular  effects  discussed  are  coronary  heart  dis¬ 
ease  (CHD),  carotid  intima  media  thickness,  coronary  artery 
calcium,  stroke,  and  venous  thromboembolism  (VTE). 

Coronary  heart  disease 

Most  observational  studies  (primarily  composed  of  women 
who  began  HT  around  the  time  of  menopause)  support  the  po¬ 
tential  benefits  of  systemic  HT  in  reducing  the  risk  of  CHD.^^ 
Most  RCTs  do  not.^^’^^  However,  it  is  understood  that  the 
characteristics  of  women  participating  in  observational  studies 
are  markedly  different  from  those  of  many  women  enrolled 
in  RCTs  designed  to  evaluate  the  cardiovascular  effects  of 
HT.33“35  These  demographic  and  biologic  differences  can 
influence  baseline  cardiovascular  risks  and  may  modify  the 
overall  observed  effects  of  HT  on  cardiovascular  risk.  In  the 
WHI  clinical  trials,  overall  CHD  risk  was  estimated  to  be 
increased  by  eight  cases  per  10,000  women  per  year  in  the  EPT 
arm;  in  the  ET  arm,  overall  CHD  risk  was  estimated  to  be 
decreased  by  three  cases  per  10,000  women  per  year3^  (see 
“Dose  and  route  of  administration”). 

Timing  of  initiation.  Secondary  analyses  of  the  WHI  data 
indicate  that  the  disparity  in  findings  between  observational 
studies  and  RCTs  is  related  partly  to  the  timing  of  initiation  of 
HT  in  relation  to  age  and  proximity  to  menopause.3^’37 
participants  in  the  observational  studies  of  CHD  risk  were 
younger  than  55  years  at  the  time  HT  was  initiated  and  within 
2  to  3  years  of  menopause.  On  the  other  hand,  women  en¬ 
rolled,  to  date  in  RCTs  with  clinical  cardiovascular  endpoints 
have  an  age  of  63  to  64  years  and  are  more  than  10  years 
beyond  menopause.  When  analyzed  by  age  and  time  since 
menopause  at  initiation  of  HT,  the  ET  arm  of  the  WHl3^  is 
in  general  agreement  with  observational  studies3^  suggesting 
that  ET  may  reduce  CHD  risk  (coronary  revascularization  and 
composite  outcomes  including  myocardial  infarction  [MI]  and 
coronary  death)  when  initiated  in  younger  and  more  recently 
postmenopausal  women  without  a  uterus. 3^  These  findings  for 
ET  were  even  stronger  with  extended  follow-up  of  the  cohort 
and  inclusion  of  4  years  after  stopping.  For  women  ages  50  to 
59  years,  the  hazard  ratio  (HR)  for  CHD  was  0.59  (95%  Cl, 
0.38-0.90);  for  total  MI,  it  was  0.54  (95%  Cl,  0.34-0.85; 
P  for  interaction  by  age  =  0.05  and  0.007,  respectively).^^ 

Combined  data  incorporating  both  the  ET  and  EPT  trials  of 
the  WHI  show  a  statistical  trend  of  an  HT  effect  relative  to 
placebo  on  CHD  by  time  since  menopause,  indicating  that  the 
women  who  initiate  HT  more  than  10  years  beyond  menopause 
are  at  increased  risk  for  CHD,  and  those  women  who  initiate  HT 


within  10  years  of  menopause  tend  to  have  a  lower  risk  of 
CHD.3^  However,  statistical  modeling  of  the  combined  WHI 
data,  including  data  from  the  WHI  observational  studies,  did  not 
find  that  CHD  risks  varied  by  the  timing  of  HT  initiation.3^’^^ 

Coronary  artery  calcium.  Some  observational  studies,^ 
but  not  all,"^3  suggest  that  long-term  HT  is  associated  with  less 
accumulation  of  coronary  artery  calcium,  which  is  strongly 
correlated  with  atheromatous  plaque  burden  and  future  risk 
of  clinical  CHD  events.  In  an  ancillary  substudy  of  younger 
women  (<60  y)  in  the  WHI  ET  trial,  after  an  average  of 
7  years  of  treatment,  women  who  had  been  randomized  to  ET 
had  lower  levels  of  coronary  artery  calcium  than  did  those 
randomized  to  placebo. Although  the  effect  in  older  women 
was  not  evaluated,  these  findings  suggest  that  ET  initiated  by 
recently  postmenopausal  women  may  slow  the  development 
of  calcified  atherosclerotic  plaque. 

Carotid  intima  media  thickness.  Observational  studies"^^-^^ 
demonstrate  less  accumulation  of  carotid  plaque  as  measured 
through  ultrasound  in  women  taking  HT.  Two  RCTs  reported 
contradictory  findings  with  regard  to  carotid  plaque."^^’"^^ 

Stroke 

The  WHI  EPT  and  ET  trials  demonstrated  an  increased  risk 
of  ischemic  stroke  and  no  effect  on  the  risk  of  hemorrhagic 
stroke. In  these  trials,  when  the  entire  cohort  was  ana¬ 
lyzed,  there  were  eight  additional  strokes  per  10,000  women 
per  year  of  EPT  and  1 1  additional  strokes  per  1 0,000  women 
per  year  of  ET.  In  recent  analyses  that  combined  results  from 
the  WHI  EPT  and  ET  trials,  HT  in  younger  women  (ages 
50-59  y)  at  study  entry  had  no  significant  effect  on  risk  of 
stroke  (relative  risk  [RR],  1.13;  95%  Cl,  0.73-1.76).^®’''° 

Although  stroke  was  not  increased  in  the  group  ages  50  to 
59  years  in  the  combined  analysis  of  the  WHI,  it  was  almost 
doubled  in  the  ET  group  less  than  10  years  since  menopause. 
This  apparent  contradiction  in  the  data  is  hard  to  explain  but 
may  be  caused  by  relatively  few  events  and  the  difficulty  in 
accurately  timing  the  onset  of  menopause  in  the  ET  group. 
In  both  the  ET  and  EPT  trials,  excess  stroke  risk  dissipated 
rapidly  after  discontinuation  of  HT.^^’^^ 

In  women  randomized  in  the  WHI  within  5  years  of  meno¬ 
pause,  there  were  three  additional  strokes  per  10,000  women 
per  year  of  EPT,  which  is  not  statistically  significant.3^  The 
excess  risk  of  stroke  in  this  age  group  observed  in  the  WHI 
studies  would  fall  into  the  rare-risk  category.  Stroke  risk  was 
not  significantly  increased  in  the  Heart  and  Estrogen/Progestin 
Replacement  Study^^  and  the  Women’s  Estrogen  for  Stroke 
Trial  secondary  prevention  trials. ^3  The  Women’s  International 
Study  of  long  Duration  Oestrogen  after  Menopause  RCT  found 
no  excess  risk  of  stroke  in  EPT  users  compared  with  women 
on  placebo  in  1  year.^"^ 

The  results  of  observational  studies  on  the  risk  of  stroke 
with  HT  have  been  inconsistent.  Several  studies  (including  the 
Nurses’  Health  Study  [NHS],  the  largest  and  longest  pro¬ 
spective  cohort  study  of  women’s  health)  indicated  an 
increased  risk  of  ischemic  stroke  consistent  with  the  findings 
from  the  WHI,^^  whereas  other  studies  showed  no  effect  on 
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stroke  risk.^^“^^  In  the  NHS,  among  women  ages  50  to  59  years, 
the  RR  of  stroke  for  current  EPT  users  was  not  significantly 
elevated  (RR,  1.34;  95%  Cl,  0.84-2.13),  but  it  was  significantly 
increased  for  current  users  of  ET  among  women  ages  50  to 

59  years  (RR,  1.58;  95%  Cl,  1.06-2.37).^^  The  lowest  dose  of 
estrogen  (eg,  0.3  mg  CE)  was  not  associated  with  an  increased 
risk  in  the  NHS,  although  this  was  based  on  the  relatively  few 
women  who  were  taking  that  dose  (see  “Dose  and  route  of 
administration”). 

Venous  thromboembolism 

Data  from  both  observational  studies  and  RCTs  con¬ 
sistently  demonstrate  an  increased  risk  of  VTE  with  oral 
HT.59’60  WHI  trials,  when  the  entire  cohort  was  ana¬ 

lyzed,  there  were  1 8  additional  VTEs  per  1 0,000  women  per 
year  of  EPT^^  and  7  additional  VTEs  per  10,000  women  per 
year  of  ET.^^  VTE  risk  in  RCTs  emerges  soon  after  HT  ini¬ 
tiation  (ie,  during  the  first  1-2  y),  and  the  magnitude  of  the 
excess  risk  seems  to  decrease  somewhat  in  time.  In  the  WHI 
trials,  the  absolute  excess  VTE  risk  associated  with  either 
EPT  or  ET  was  lower  in  women  who  started  HT  before  age 

60  years  than  in  older  women  who  initiated  HT  after  age 
60  years.  In  women  ages  50  to  59  years  who  were  randomized 
to  HT,^^  there  were  II  additional  VTEs  per  10,000  women 
per  year  of  EPT  and  4  additional  VTEs  per  10,000  women 
per  year  of  ET.  These  risks  fall  into  the  rare-risk  category. 
The  baseline  risk  of  VTE  also  increased  relative  to  body  mass 
index  (BMI).  For  obese  women  (BMI,  >30  kg/m^),  the  base¬ 
line  risk  was  almost  threefold  greater.  At  any  BMI,  the  risk  of 
VTE  doubled  with  HT  and  returned  to  baseline  soon  after  HT 
discontinuation.^^’^^ 

Women  with  a  previous  history  of  VTE,  obese  women,  or 
women  who  possess  a  factor  V  Leiden  mutation  are  at  increased 
risk  of  VTE  with  HT  use.^^’^^’^^  There  are  limited  observational 
data  suggesting  lower  risks  of  VTE  with  transdermal  than  with 
oral  but  there  are  no  comparative  RCT  data  on  this 

subject.  Lower  doses  of  oral  ET  may  also  confer  less  VTE  risk 
than  higher  doses,  but  no  comparative  RCT  data  are  available 
to  confirm  this  assumption.  Studies  that  have  evaluated  the 
contribution  of  various  progestogens  to  clotting  suggest  that 
norpregnanes  may  be  more  thrombogenic.^^’^^ 

HT  is  currently  not  recommended  for  coronary  protection 
in  women  of  any  age.  Initiation  of  HT  by  women  ages  50  to 
59  years  or  by  those  within  10  years  of  menopause  to  treat 
typical  menopausal  symptoms  does  not  seem  to  increase  the 
risk  of  CHD  events.  There  is  emerging  evidence  that  the  ini¬ 
tiation  of  ET  in  early  postmenopause  may  reduce  coronary 
artery  disease  and  CHD  risk.  Two  ongoing  studies  of  early  HT 
intervention  may  provide  further  information  on  this  topic:  the 
Early  versus  Late  Intervention  Trial  with  Estradiol  and  the 
Kronos  Early  Estrogen  Prevention  Study. 

Diabetes  mellitus 

Large  RCTs  demonstrate  that  HT  reduces  the  diagnosis  of 
new  onset  type  2  diabetes  mellitus  (T2DM),  although  no  HT 
product  has  government  approval  to  prevent  T2DM.  Women 
who  received  active  treatment  in  the  WHI  EPT  arm  had  a 
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statistically  significant  21%  reduction  (HR,  0.79;  95%  Cl, 
0.67-0.93)  in  the  incidence  of  T2DM  requiring  treatment, 
which  indicates  15  fewer  cases  per  10,000  women  per  year  of 
therapy. ^9  ^  similar  statistically  significant  risk  reduction  was 
also  noted  in  the  Heart  and  Estrogen/Progestin  Replacement 
Study  trial  (HR,  0.65;  95%  Cl,  0.48-0.89).™  In  the  WHI  ET 
trial,  there  was  a  12%  reduction  (HR,  0.88;  95%  Cl,  0.77- 
1.01)  in  incident  T2DM  or  14  fewer  cases  per  10,000  women 
per  year  of  ET.^^  Unfortunately,  none  of  these  trials  included 
an  oral  glucose  tolerance  test  to  evaluate  postchallenge  glu¬ 
cose  levels.  In  the  Postmenopausal  Estrogen  and  Progestin 
Intervention  trial,  fasting  glucose  levels  were  reduced  in 
women  assigned  to  HT;  however,  2-hour  postchallenge  glu¬ 
cose  levels,  which  may  be  associated  with  CHD  risk,  were 
elevated.^^  There  is  inadequate  evidence  to  recommend  HT 
for  the  sole  or  primary  indication  of  the  prevention  of  T2DM 
in  perimenopausal  or  postmenopausal  women. 

Endometrial  cancer 

Unopposed  systemic  ET  in  postmenopausal  women  with 
an  intact  uterus  is  associated  with  increased  endometrial  can¬ 
cer  risk  related  to  the  ET  dose  and  duration  of  use.  A  meta¬ 
analysis  reported  a  summary  RR  of  2.3  (95%  Cl,  2. 1-2.5) 
overall  and  an  RR  of  9.5  if  used  for  more  than  10  years. This 
increased  risk  persisted  for  several  years  after  ET  discon¬ 
tinuation.  To  negate  this  increased  risk,  adequate  concomitant 
progestogen  is  recommended  for  women  with  an  intact  uterus 
when  using  systemic  ET  (see  “Progestogen  indication”).  In 
general,  HT  is  not  recommended  in  women  with  a  history  of 
endometrial  cancer.  Progestogen  alone  could  be  considered 
for  the  management  of  vasomotor  symptoms  but  no  long-term 
data  are  available. 

Breast  cancer 

Estrogen-progestogen  therapy 

Diagnosis  of  breast  cancer  increases  with  EPT  use  beyond 
3  to  5  years. In  the  WHI  overall,  this  increased  risk,  in 
absolute  terms,  was  eight  additional  breast  cancers  per  10,000 
women  using  EPT  for  5  or  more  years.  Studies  have  not 
clarified  whether  the  risk  differs  between  continuous  and  se¬ 
quential  use  of  progestogen,  with  observational  studies  sug¬ 
gesting  that  risk  may  be  greater  with  continuous  use  of 
progestogen.  It  is  also  not  clear  whether  there  is  a  class  effect 
with  progestogens  or  whether  the  specific  agent  used  influ¬ 
ences  the  degree  of  breast  cancer  risk.  Data  from  a  large 
observational  study  suggest  that  EPT  with  micronized  pro¬ 
gesterone  carries  a  low  risk  of  breast  cancer  with  short-term 
use  but  carries  an  increased  risk  of  breast  cancer  with  all  EPT 
formulations  with  long-term  use.^^ 

EPT  and,  to  a  lesser  extent,  ET  increase  breast  cell  pro¬ 
liferation,  breast  pain,  and  mammographic  density,  and  EPT 
may  impede  the  diagnostic  interpretation  of  mammograms, 
therein  delaying  the  diagnosis  of  breast  cancer. Evolving 
but  not  conclusive  evidence  suggests  that  the  increased  risk  of 
breast  cancer  with  EPT  may  be  a  result  of  the  promotion  of 
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preexisting  cancers  that  are  too  small  to  be  diagnosed  by 
imaging  studies  or  clinical  examination.  Some  of  these  small 
cancers  may  never  progress  without  the  stimulation  of  HT. 
Long-term  follow-up  found  that  the  risk  of  new  diagnosis  of 
breast  cancer  dissipated  in  the  3  years  after  cessation  of  EPT.^^ 
However,  the  follow-up  also  revealed  that  breast  cancer 
mortality  was  increased  in  EPT  users  in  the  WHI  who  were 
followed  for  1 1  years  after  study  initiation.  The  breast  cancer 
death  rates  with  EPT  were  two  additional  deaths  per  10,000 
women  per  year  attributed  to  breast  cancer  and  two  additional 
deaths  per  10,000  women  per  year  attributed  to  all-cause 
mortality. 

In  the  WHI,  the  initial  reports  suggested  that  the  increase 
in  breast  cancer  risk  was  limited  to  those  who  had  used  EPT 
before  enrollment. Because  most  women  initiate  EPT 
shortly  after  menopause,  a  reanalysis  of  the  data  examined  the 
effect  of  a  “gap  time”  (duration  of  time  between  onset  of 
menopause  and  start  of  EPT)  on  breast  cancer  risk.  In  a  com¬ 
bined  analysis  of  the  WHI  observational  study  and  the  EPT 
clinical  trial,  those  starting  EPT  shortly  after  menopause  had  an 
HR  of  2.75  for  breast  cancer  with  more  than  5  years  of  use, 
whereas  those  with  a  gap  time  of  greater  than  5  years  did  not.^^ 
A  detailed  secondary  analysis  reported  that  women  who  expe¬ 
rienced  a  hiatus  in  their  exposure  to  hormones  before  ran¬ 
domization  to  EPT  were  found  to  have  a  delayed  increase  in 
breast  cancer  compared  with  previous  EPT  users. The  French 
E3N  (a  prospective  cohort  study  of  French  women  that  exam¬ 
ined  the  potential  relationship  between  premenopausal  and 
postmenopausal  breast  cancer  occurrence)  also  reported  a 
greater  risk  of  breast  cancer  in  those  women  with  a  short  (<3  y) 
as  opposed  to  those  with  a  long  gap  time.^^  The  Million 
Women  Study  (MWS)  investigators  reported  an  increased  risk 
in  women  initiating  HT  shortly  after  menopause.^^ 

These  data  on  breast  cancer  (potentially  more  harm  with 
early  postmenopausal  HT  use)  are  in  contrast  with  the  findings 
on  CHD,  stroke,  VTE,  and  all-cause  mortality  that  suggest 
greater  safety  in  younger  women  closer  to  menopause.  For  all 
outcomes,  the  absolute  risk  of  events  in  younger  women  is 
lower  than  that  for  older  women. 

Estrogen  therapy 

Women  in  the  ET  arm  of  the  WHI  demonstrated  no  in¬ 
crease  in  risk  of  breast  cancer  after  an  average  of  7.1  years 
of  use,  with  six  fewer  cases  of  invasive  breast  cancer  per 
1 0,000  women  per  year  of  ET  use,  which  is  not  statistically 
significant.^^  The  decrease  in  risk  was  observed  in  all  three 
age  groups  studied  (ages  50-59,  60-69,  and  70-79  y).  Other 
findings  in  the  ET  group  included  a  reduction  in  ductal  car¬ 
cinomas  (HR,  0.71;  95%  Cl,  0.52-0.99).^^  In  analyses  based 
on  extended  follow-up  of  the  WHI  ET  trial,  including  after 
stopping,  the  HR  for  breast  cancer  was  0.77  (95%  Cl,  0.62- 
0.95).^^  However,  in  women  assigned  to  CE  who  developed 
invasive  breast  cancer,  fewer  breast  cancers  presented  with 
localized  disease  (HR,  0.69;  95%  Cl,  0.51-0.95),  and  tumors 
were  larger  and  more  likely  to  be  node  positive  compared  with 
those  in  women  assigned  to  placebo. 


The  hypothesis  for  the  decreased  incidence  of  breast  cancer 
with  use  of  CE  in  the  WHI  is  the  apoptotic  effect  that  estrogen 
has  on  breast  cancer  cells  in  a  low-estrogen  environment. 
Although  the  use  of  CE  in  the  WHI  did  not  show  an  age- 
related  difference  in  the  reduction  of  breast  cancer,  all  labo¬ 
ratory  evidence  suggests  that  the  longer  breast  cancer  cells 
are  estrogen-deprived,  the  more  probable  that  physiologic 
estrogen  will  have  a  tumoricidal  effect. 

The  decreased  risk  of  breast  cancer  as  seen  in  the  ET  arm  of 
the  WHI  was  not  observed  in  the  MWS.^^  The  RR  for  breast 
cancer  in  the  MWS  was  increased  in  women  who  started  ET 
within  5  years  after  menopause,  with  an  absolute  increased 
risk  of  13  cases  per  10,000  women  per  year.^^  Whether  the 
difference  between  these  findings  and  the  WHI  ET  arm 
reflects  differences  in  the  timing  of  ET  initiation,  the  types  of 
ET,  study  populations,  increased  mammographic  surveillance 
of  women  using  HT,  or  other  factors  not  controlled  for  in  an 
observational  study  has  not  been  determined. 

When  ET  was  extended  beyond  15  years  in  the  NHS, 
breast  cancer  risk  increased.  A  large  meta-analysis  of 
67,370  women  in  observational  studies  found  no  increased 
risk  with  less  than  5  years  of  ET  use  and  RRs  of  1.31  for  5  to 
9  years  of  use,  1.24  for  10  to  14  years  of  use,  and  1.56  for 
more  than  15  years  of  use.^^  The  possibility  of  differences  in 
mammographic  surveillance  for  breast  cancer  in  users  and 
nonusers  of  HT  in  observational  studies  cannot  be  excluded. 

HT  after  breast  cancer 

Controversy  surrounds  the  use  of  HT  in  survivors  of  breast 
cancer.  Some  observational  studies  suggest  that  HT  use  may 
not  increase  the  risk  of  recurrent  breast  cancer.  These 
reports  have  been  questioned  because  of  the  potential  bias 
from  the  selection  of  women  at  lower  risk  of  recurrence  for 
HT  use.  An  RCT  of  HT  use  in  women  with  a  history  of  breast 
cancer  and  bothersome  vasomotor  symptoms  was  terminated 
early,  after  2  years  of  follow-up,  when  significantly  more  new 
breast  cancer  events  were  diagnosed  in  women  randomized 
to  HT.^^  These  data  would  indicate  that  HT  use  in  breast 
cancer  survivors  may  be  associated  with  an  increased  risk  of 
recurrence. 

Ovarian  cancer 

Published  data  on  the  role  of  HT  and  risk  of  ovarian  cancer 
are  conflicting.  Some  studies  did  not  find  an  association.^^’^^ 
There  is  a  relatively  large  volume  of  observational  trial  data 
that  points  to  an  association  between  HT  and  increased  ovar¬ 
ian  cancer  risk,  particularly  with  long-term  use.^^“^^^  In  the 
National  Institutes  of  Health  American  Association  of  Retired 
Persons  Diet  and  Health  Cohort,  no  elevated  risk  of  ovarian 
cancer  was  seen  with  less  than  1 0  years  of  ET  use,  but  a  sig¬ 
nificantly  increased  risk  was  seen  after  10  years.  One  meta¬ 
analysis  reported  an  increase  in  annual  ovarian  cancer  risk  for 
EPT  of  1.11-fold  (95%  Cl,  1.02-1.21),  and  a  1.28-fold  (95% 
Cl,  1.18-1.40)  increase  was  reported  for  ET.^^^  A  second 
meta-analysis  reported  RRs  of  1.24  (95%  Cl,  1.15-1.34)  for 
cohort  studies  and  1.19  (95%  Cl,  1.02-1.40)  for  case-control 
studies  with  use  of  any  HT.  ^  ^  ^  The  use  of  HT  for  less  than 
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5  years  was  associated  with  a  significant  RR  of  1.03,  whereas 
use  for  more  than  10  years  was  associated  with  an  RR  of  1.21 
{P  <  0.05  for  both  RRs).  ET  was  associated  with  a  higher  risk 
of  ovarian  cancer  than  EPT. 

In  the  WHI,  the  only  RCT  to  date  to  study  ovarian  cancer, 
EPT  was  not  associated  with  a  statistically  significant  increase 
in  ovarian  cancer  after  a  mean  of  5.6  years  of  use.^^^  There 
were  4.2  cases  per  10,000  for  HT  users  and  2.7  cases  per 
10,000  per  year  for  the  placebo  group. 

The  association  between  ovarian  cancer  and  EPT  use  beyond 
5  years  would  fall  into  the  rare-  or  very  rare-risk  category. 
Women  at  increased  risk  of  ovarian  cancer  (eg,  those  with  a 
family  history  or  a  BRCA  mutation)  should  be  counseled  about 
this  potential  association. 

Lung  cancer 

In  a  post  hoc  analysis  of  the  EPT  arm  of  the  WHI  that 
included  data  from  a  mean  of  7.1  years  of  intervention 
plus  approximately  1  year  of  postintervention  follow-up 
(total  mean  years  of  data,  7.9),  the  incidence  of  non-small-cell 
lung  cancer  (which  accounts  for  about  80%  of  lung  cancer) 
was  not  significantly  increased  (HR,  1.28;  95%  Cl,  0.94- 
1.13;  P  =  0.12),  but  the  number  of  lung  cancer  deaths  (from 
non-small-cell  lung  cancer)  increased  (HR,  1.87;  95%  Cl, 
1 .22-2.88;  P  =  0.004),  and  the  number  of  poorly  differentiated 
and  metastatic  tumors  increased  in  the  treatment  group 
(HR  1.87;  95%  Cl,  1.22-2.88;  P  =  0.004).^’  The  cases  were 
essentially  limited  to  past  and  current  smokers  and  to  women 
older  than  60  years.  The  absolute  rates  of  death  from  non¬ 
small-cell  lung  cancer  were  small:  nine  per  10,000  per  year  on 
EPT  and  five  per  10,000  on  placebo.  Because  the  WHI  was 
not  designed  to  assess  lung  cancer  and  chest  imaging  was  not 
part  of  the  study  protocol,  the  findings  are  preliminary  and 
require  validation  in  further  studies. 

In  the  WHI  ET  trial,  no  increase  in  lung  cancer  incidence  or 
mortality  was  observed  in  the  treatment  compared  with  the 
placebo  group.  There  was  no  significant  treatment  effect 
related  to  age.  Mortality  from  lung  cancer  was  increased  in 
current  smokers  in  both  treatment  and  placebo  groups  com¬ 
pared  with  nonsmokers  and  former  smokers. 

Reports  from  observational  trials  are  mixed.  One 

large  observational  study  reported  an  increase  in  incident  lung 
cancer  associated  with  increasing  duration  of  EPT  use  (50% 
increase  after  10  y  of  therapy);  there  was  no  association  with 
duration  of  ET  use.^^^  One  meta-analysis  reported  an  increased 
risk  of  adenocarcinoma  of  the  lung.^^"^  Another  meta-analysis 
reported  a  possible  protective  effect  against  lung  cancer  for 
users  of  HT  with  the  exception  of  current  smokers. 

These  findings  underscore  the  need  to  encourage  the  ces¬ 
sation  of  smoking  and  possibly  to  increase  surveillance  in 
older  smokers  who  are  current  or  past  users  of  EPT. 

Mood  and  depression 

For  postmenopausal  women  without  clinical  depression, 
evidence  is  mixed  concerning  the  effects  of  HT  on  mood. 
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Several  small  short-term  trials  among  middle-aged  women 
with  vasomotor  symptoms  suggested  that  HT  improves  mood, 
whereas  other  trial  results  showed  no  change.  Progestogens 
in  EPT  may  worsen  mood  in  some  women,  possibly  in  those 
with  a  history  of  premenstrual  syndrome,  premenstrual  de¬ 
pressive  disorder,  or  clinical  depression. 

Only  a  few  RCTs  have  examined  the  effects  of  HT  in 
middle-aged  or  older  women  who  have  depression.  One  small 
RCT  involving  depressed  perimenopausal  and  postmeno¬ 
pausal  women  found  no  short-term  benefit  from  ET,  but  post 
hoc  analyses  revealed  that  higher  estradiol  levels  were  asso¬ 
ciated  with  decreased  depressive  symptoms  in  perimeno¬ 
pausal  women  but  not  postmenopausal  women.  Two  small 
RCTs  support  the  antidepressant  efficacy  of  short-term  ET  in 
depressed  perimenopausal  women,  ’  whereas  one  RCT 
failed  to  demonstrate  the  antidepressant  efficacy  of  ET  in  de¬ 
pressed  women  who  were  5  to  10  years  into  postmenopause. 

It  is  controversial  whether  ET  might,  in  some  circumstances, 
augment  the  antidepressant  effects  of  selective  serotonin  reup¬ 
take  inhibitors.^^^’^^^ 

Although  HT  might  have  a  positive  effect  on  mood  and 
behavior,  HT  is  not  an  antidepressant  and  should  not  be  con¬ 
sidered  as  such.  Evidence  is  insufficient  to  support  HT  use  in 
the  treatment  of  depression. 

Cognitive  aging  and  dementia 

Very  small  clinical  trials  support  the  use  of  ET  for  cogni¬ 
tive  benefits  when  initiated  immediately  after  surgical  meno¬ 
pause.  To  date,  clinical  trials  of  ET  have  demonstrated 
no  substantial  effect  on  episodic  memory  or  executive  func¬ 
tion  at  the  time  of  menopause.  Reports  from  the  longi¬ 
tudinal  Study  of  Women’s  Health  Across  the  Nation  suggest 
that  natural  menopause  has  a  significant  but  small  effect  on 
some  aspects  of  cognitive  function  that  may  be  time  limited. 
This  effect  is  not  explained  by  menopausal  symptoms. 
Recent  literature  suggests  a  transient  negative  effect  of  the 
menopausal  transition  on  cognition,  but  it  is  a  negligible  long¬ 
term  effect. 

The  NHS  found  no  benefit  on  cognitive  function  from  long¬ 
term  use  of  HT  among  women  who  had  started  HT  in  early 
menopause;  rather,  there  was  a  suggestion  of  a  more  rapid 
cognitive  decline  among  HT  users. Conversely,  in  the  Study 
of  Women’s  Health  Across  the  Nation,  women  who  initiated 
hormones  (oral  contraceptives  or  HT)  after  enrollment  but 
before  their  final  menstmal  period  and  then  discontinued  the 
hormones  had  a  beneficial  cognitive  effect,  whereas  women 
who  initiated  hormones  after  the  final  menstrual  period  had  a 
detrimental  effect  on  cognitive  performance. 

For  postmenopausal  women  older  than  65  years,  findings 
from  several  large  well-designed  clinical  trials  indicate  that 
HT  does  not  improve  memory  or  other  cognitive  abilities  and 
that  EPT  is  harmful  for  memory.  The  WHI  Memory 

Study  of  women  aged  65  to  79  years  reported  an  increase  in 
dementia  incidence  with  HT  use.^"^^  The  estimate  of  dementia 
cases  attributed  to  HT  was  12  per  10,000  persons  per  year  of 
ET  use  and  23  per  10,000  persons  per  year  of  EPT  use.  The 
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effect  was  not  statistically  significant  for  ET  but  was  for  EPT 
and  the  combined  ET  and  EPT  groups. 

Evidence  from  the  WHI  Study  of  Cognitive  Aging,  an  an¬ 
cillary  study  of  WHI  and  WHI  Memory  Study  that  enrolled 
women  aged  66  years  or  older,  indicated  a  worsening  of  ver¬ 
bal  memory  but  a  trend  toward  a  positive  effect  on  figural 
memory  among  women  using  EPT  compared  with  those  using 
placebo. There  are  currently  no  placebo-controlled  trial  data 
comparing  the  effects  of  different  progestogens  on  memory  or 
dementia  in  younger  or  older  postmenopausal  women.  Overall, 
the  RCTs  of  ET  demonstrate  no  adverse  impact  on  memory. 
The  WHI  Study  of  Cognitive  Aging  found  neither  benefit  nor 
persistent  negative  impact  of  HT  on  memory  during  a  2.7-year 
interval. 

A  number  of  observational  studies  have  reported  associa¬ 
tions  between  HT  and  reduced  risk  of  developing  Alzheimer 
disease  (AD).^"^^  HT  exposure  in  observational  studies  is  more 
likely  to  involve  ET  use  by  younger  women  closer  to  meno¬ 
pause,  suggesting  an  early  window  during  which  HT  use 
might  reduce  AD  risk.  However,  recall  bias  and  the  healthy- 
user  bias  may  account  for  protective  associations  in  the 
observational  studies.  Similarly,  an  increased  risk  of  dementia 
observed  with  early  oophorectomy,  countered  by  use  of  es¬ 
trogen  until  age  50  years,  may  be  at  least  partially  caused 
by  demographic  differences  between  groups. HT  exposure 
in  observational  studies  is  also  more  likely  to  involve  women 
on  ET  rather  than  EPT.  For  women  with  AD,  limited  clinical 
results  suggest  that  ET  has  no  substantial  effect. 

In  summary,  available  data  do  not  adequately  address  whether 
HT  used  soon  after  menopause  increases  or  decreases  the  rate 
of  cognitive  decline  or  later  dementia  risk.  In  the  absence  of 
more  definitive  findings,  HT  cannot  be  recommended  at  any 
age  for  preventing  or  treating  cognitive  aging  or  dementia. 

Premature  menopause  and  primary  ovarian  insufficiency 

Women  experiencing  premature  menopause  (age  <40  y)  or 
primary  ovarian  insufficiency  (POI)  are  medically  a  distinctly 
different  group  from  women  who  reach  menopause  at  the 
median  age  of  51.3  years.  Premature  menopause  and  POI  are 
associated  with  a  lower  risk  of  breast  cancer  and  earlier  on¬ 
set  of  estrogen-related  bone  loss.  Other  conditions  that  have 
been  associated  with  premature  menopause,  such  as  CHD  and 
Parkinson  disease,  may  be  the  result  of  other  factors  respon¬ 
sible  for  both  premature  menopause  and  the  specific  con¬ 
dition.  For  example,  mutations  found  in  the  gene  encoding 
mitochondrial  DNA  polymerase  gamma  have  been  reported  to 
be  associated  with  both  premature  menopause  and  Parkinson 
disease. 

Some  observational  reports  suggest  an  increased  risk  of 
CHD  with  early  natural  or  surgical  menopause  in  the  absence 
of  HT  and  a  reduced  risk  when  HT  is  administered.  Anal¬ 
ysis  of  the  Framingham  data  revealed  that  women  who  had  an 
earlier  menopause  also  had  more  CHD  risk  factors.  The 
authors  concluded  that  CHD  risk  factors  may  cause  earlier 
menopause  and  not  the  converse.  Both  a  history  of  heart  dis¬ 
ease  and  smoking  have  been  associated  with  earlier  meno¬ 


pause.  Another  extensive  analysis  of  three  birth  cohorts 
from  three  different  countries  concluded  that  there  is  no 
change  in  the  rate  of  increase  in  CHD  mortality  at  menopause. 
The  rate  of  increase  is  constant  during  a  woman’s  lifetime. 

The  existing  data  regarding  HT  in  women  experiencing 
menopause  at  the  median  age  should  not  be  extrapolated  to 
women  experiencing  premature  menopause  and  initiating  HT 
at  that  time.  The  well-documented  safety  of  supraphysiologic 
doses  of  HT  in  the  form  of  oral  contraceptives  in  young 
women  suggests  that  physiologic  dosing  of  HT  for  women 
with  POI  or  premature  menopause  would  convey  minimal 
risk.  Given  the  potential  harmful  effects  of  estrogen  deficiency 
on  bone  mass  in  young  women  who  may  still  be  building  their 
peak  bone  mass  and  the  severity  of  vasomotor  symptoms  in 
younger  women,  the  benefits  of  HT  are  potentially  greater  in 
this  age  group  (see  “Osteoporosis”). 

The  lack  of  clinical  trials  on  this  topic  necessitates  clinical 
judgment.  In  the  absence  of  contraindications,  NAMS  recom¬ 
mends  the  use  of  HT  or  oral  contraceptives  until  the  median 
age  of  natural  menopause,  with  periodic  reassessment. 

Total  mortality 

The  WHI  trials  are  consistent  with  observational  studies 
and  meta-analyses indicating  that  HT  may  reduce  total  mor¬ 
tality  when  initiated  soon  after  menopause.  The  WHI  suggests 
that  both  ET  and  EPT  nonsignificantly  reduce  total  mortality  by 
30%  when  initiated  in  women  younger  than  60  years  and  that 
when  data  from  the  ET  and  EPT  arms  were  combined,  that 
reduction  was  statistically  significant.^^  There  were  10  fewer 
deaths  per  10,000  women  aged  50  to  59  years,  compared  with 
16  additional  deaths  among  those  aged  70  to  79  years. The 
mortality  advantage  for  younger  women  did  not  remain  sig¬ 
nificant  when  evaluated  by  years  since  menopause.^^ 

PRACTICAL  THERAPEUTIC  ISSUES 
Class  versus  specific  product  effect 

All  estrogens  have  some  common  features  and  effects  as 
well  as  potentially  different  properties.  The  same  is  true  of  all 
progestogens.  However,  in  the  absence  of  RCTs  designed  to 
compare  clinical  outcomes  of  various  estrogens  and  proges¬ 
togens,  clinicians  will  be  required  to  generalize  the  clinical 
trial  results,  tempered  by  emerging  reports  from  observational 
studies  (as  addressed  in  individual  sections  of  this  report),  for 
one  agent  to  all  agents  within  the  same  hormonal  family.  On  a 
theoretical  basis,  however,  there  are  likely  to  be  differences 
within  each  family  based  on  factors  such  as  relative  potency 
of  the  compound,  androgenicity,  glucocorticoid  effects,  bio¬ 
availability,  and  route  of  administration. 

Progestogen  indication 

The  primary  menopause-related  indication  for  progestogen 
use  is  to  negate  the  increased  risk  of  endometrial  cancer  from 
systemic  ET  use.  All  women  with  an  intact  uterus  who  use 
systemic  ET  should  also  be  prescribed  adequate  progestogen. 
With  occasional  exceptions  (eg,  history  of  extensive  endo¬ 
metriosis),  postmenopausal  women  without  a  uterus  should 
not  be  prescribed  a  progestogen  with  systemic 
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A  progestogen  is  generally  not  indicated  when  ET  is  ad¬ 
ministered  locally  in  a  low  dose  for  vaginal  atrophy,  although 
trials  to  date  have  been  limited  to  only  1  year/^^  Although  one 
2-year  study  of  the  ultralow-dose  estradiol  patch  found  no 
statistically  significant  increase  in  endometrial  hyperplasia, 
intermittent  progestogen  probably  should  be  used  with  long¬ 
term  use  of  any  systemic  ET,  including  the  ultralow-dose 
patch,  which  carries  that  recommendation  in  the  product 
information  sheet  (see  “Dose  and  route  of  administration”). 

Concomitant  progestogen  may  improve  the  efficacy  of 
low-dose  ET  in  treating  vasomotor  symptoms.  Some  women 
who  use  EPT  may  experience  dysphoria  from  the  progesto¬ 
gen  component.  A  combination  of  estrogen  with  an  estrogen 
agonist/antagonist  is  currently  under  investigation  and  may 
become  an  alternate  option  to  progestogen. 

Dose  and  route  of  administration 

The  lowest  effective  dose  of  estrogen  consistent  with 
treatment  goals,  benefits,  and  risks  for  the  individual  woman 
should  be  the  therapeutic  goal,  with  an  appropriate  dose  of 
progestogen  added  to  counter  the  adverse  effects  of  systemic 
ET  on  the  uterus.  Among  the  lower  doses  typically  used  when 
initiating  systemic  ET  are  0.3  mg  to  0.45  mg  oral  CE,  0.5  mg 
oral  micronized  17 (3-estradiol,  and  0.014  mg  to  0.0375  mg 
transdermal  1 7  (3-estradiol  patch.  Low-dose  formulations  of 
estradiol  are  available  in  approved  topical  gels,  creams,  and 
sprays.  Estrogen  doses  less  than  those  traditionally  prescribed 
(<0.625  mg  CE)  often  require  longer  duration  of  treatment  upon 
initiation  to  achieve  maximal  efficacy  in  reducing  vasomotor 
symptoms. Tailoring  the  dose  to  a  woman’s  individual 
needs  represents  an  appropriate  strategy  in  HT  management. 

Lower  HT  doses  generally  have  fewer  adverse  effects,  such 
as  breast  tenderness  and  uterine  bleeding,  and  may  have  a  more 
favorable  benefit-risk  ratio  than  standard  doses.  In  a  nested 
case-control  study  from  the  UK  General  Practice  Research 
database,  the  risk  of  stroke  was  not  increased  with  low-dose 
transdermal  estrogen  (<0.05  mg)  but  did  increase  with  oral 
therapies  and  with  higher  transdermal  doses. Lower  doses  of 
HT  have  not  been  tested  in  long-term  trials  with  clinical  out¬ 
comes  to  support  an  assumed  more  favorable  benefit-risk  ratio. 

All  routes  of  administration  of  ET  can  effectively  treat  meno¬ 
pausal  symptoms.  Nonoral  routes  of  administration  including 
transdermal,  vaginal,  and  intrauterine  systems  may  offer  both 
advantages  and  disadvantages  compared  with  the  oral  route, 
but  the  long-term  benefit-risk  ratio  has  not  been  demonstrated 
in  RCTs  with  clinical  outcomes.  There  are  differences  related 
to  the  role  of  the  first-pass  hepatic  effect,  the  hormone  con¬ 
centrations  in  the  blood  achieved  by  a  given  route,  and  the 
biologic  activity  of  ingredients.  With  transdermal  therapy,  there 
is  no  significant  increase  in  triglycerides,  C-reactive  protein,  or 
sex  hormone-binding  globulin  and  little  effect  on  blood  pres¬ 
sure.  With  cutaneous  therapies,  caution  should  be  exercised  to 
avoid  inadvertent  transfer  to  children  and  animals. 

There  is  growing  observational  evidence  that  transdermal 
ET  may  be  associated  with  a  lower  risk  of  deep  vein  throm¬ 
bosis,  stroke,  and  mi  64,65,68,161 
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There  are  multiple  progestogen  dosing-regimen  options 
for  endometrial  safety.  The  dose  varies  based  on  the  proges¬ 
togen  used  and  the  estrogen  dose,  typically  starting  at  the 
lowest  effective  doses  of  1 .5  mg  medroxyprogesterone  acetate, 
0.1  mg  norethindrone  acetate,  0.5  mg  drospirenone,  or  100  mg 
micronized  progesterone.  Different  doses  may  have  different 
health  outcomes.  A  long-term  Finnish  observational  study 
reported  that  continuous  use  of  EPT  reduced  the  risk  of  endo¬ 
metrial  neoplasia  compared  to  no  use  of  HT,  and  sequential 
progestogen  therapy  with  ET  increased  the  risk,  particularly 
with  long-cycle  progestogen.  In  this  study,  all  progestogens 
performed  similarly  within  a  given  regimen. 

Oral  progestogens,  combined  with  systemic  estrogen, 
and  combined  progestogen-estrogen  matrix  patches  have 
demonstrated  endometrial  protection  and  are  government  ap¬ 
proved.  A  progestin-containing  intrauterine  system  and  a  vagi¬ 
nal  progesterone  cream  are  government  approved  for  use  in 
premenopausal  women;  however,  neither  has  been  approved 
for  use  in  postmenopausal  women.  A  small  study  reported  that 
when  used  with  systemic  ET  in  perimenopausal  and  post¬ 
menopausal  women,  the  progestin-containing  intrauterine  sys¬ 
tem  was  found  to  provide  endometrial  protection  equivalent 
to  protection  provided  by  systemic  progestogen  administered 
continuously  and  superior  protection  compared  with  proges¬ 
togen  given  sequentially. 

Bioidentical  hormones 

The  term  bioidentical  hormones  is  most  often  used  to 
describe  custom-made  HT  formulations  (called  bioidentical 
hormone  therapy  [BHT])  that  are  compounded  for  an  indi¬ 
vidual  according  to  a  healthcare  provider’s  prescription.  The 
term  is  used  by  proponents  of  BHT  to  convey  that  the  hor¬ 
mones  they  use  are  identical  to  the  hormones  made  by  the 
ovaries.  In  that  regard,  the  term  can  also  be  used  to  refer 
to  many  well-tested,  government-approved,  brand-name  HT 
products  containing  hormones  chemically  identical  to  those 
produced  by  women  (primarily  in  the  ovaries),  such  as  17(3- 
estradiol  and  progesterone. 

Custom-compounding  of  HT  may  combine  several  hor¬ 
mones  (eg,  estradiol,  estrone,  and  estriol)  and  use  nonstandard 
routes  of  administration  (eg,  subdermal  implants).  Some  of 
the  hormones  are  not  government  approved  (estriol)  or  mon¬ 
itored  and  some  of  the  compounded  therapies  contain  non- 
hormonal  ingredients  (eg,  dyes,  preservatives)  that  some  women 
cannot  tolerate.  Use  of  BHT  has  escalated  in  recent  years, 
along  with  the  use  of  salivary  hormone  testing,  which  has 
been  proven  to  be  inaccurate  and  unreliable.  There  may  be 
increased  risks  to  the  women  using  these  products.  Custom- 
compounded  formulations,  including  BHT,  have  not  been  tested 
for  efficacy  or  safety;  product  information  is  not  consistently 
provided  to  women  along  with  their  prescription,  as  is  required 
with  commercially  available  HT;  and  batch  standardization  and 
purity  may  be  uncertain.  The  dosing  of  compounded  proges¬ 
terone  is  particularly  difficult  to  assess  because  the  levels  in 
serum,  saliva,  and  tissue  are  markedly  different.  Custom- 
compounded  drug  formulations  are  not  government  approved. 
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The  US  Food  and  Drug  Administration  has  ruled  that  some 
compounding  pharmacies  have  made  claims  about  the  safety 
and  effectiveness  of  BHT  unsupported  by  clinical  trial  data 
and  considered  to  be  false  and  misleading/ Pharmacies  have 
been  instructed  not  to  use  estriol  without  an  investigational 
new  drug  authorization.  The  Food  and  Drug  Administration 
also  states  that  there  is  no  scientific  basis  for  using  saliva 
testing  to  adjust  hormone  levels. 

NAMS  recommends  that  BHT  products  include  a  patient 
package  insert  identical  to  that  required  for  products  that  have 
government  approval.  In  the  absence  of  efficacy  and  safety 
data  for  BHT,  the  generalized  benefit-risk  ratio  data  of  com¬ 
mercially  available  HT  products  should  apply  equally  to  BHT. 
For  most  women,  government-approved  HT  will  provide 
appropriate  therapy  without  the  risks  of  custom  preparations. 
Therefore,  NAMS  does  not  generally  recommend  com¬ 
pounded  EPT  or  ET  unless  necessary  because  of  allergies  to 
ingredients  contained  in  government-approved  products. 

TREATMENT  ISSUES 

Duration  of  use 

One  of  the  most  challenging  issues  regarding  HT  is  the 
duration  of  use.  Long-term  follow-up  data  from  the  WHI  have 
clarified  the  increased  risk  of  breast  cancer  and  breast  cancer 
mortality  with  4  to  5  years  of  EPT  used  at  the  time  of  meno¬ 
pause  and  a  slightly  later  onset  of  breast  cancer  if  used  after 
a  hiatus  in  estrogen  exposure. Regarding  ET,  there  was 
no  increase  in  risk  of  breast  cancer  with  early  postmenopausal 
use  in  the  WHI  or  NHS,  and  there  was  decrease  in  breast 
cancer  incidence  when  used  after  a  hiatus  in  estrogen  exposure 
in  the  WHI.^^’^^  Long-term  use  of  ET  (15-20  y  in  the  NHS) 
can  be  expected  to  increase  breast  cancer,  but  to  a  lesser  degree 
than  EPT.^^ 

Potential  coronary  artery  disease  and  CHD  benefits  were 
also  seen  with  early  use  of  ET.  In  the  WHI  ET  trial,  women 
ages  50  to  59  years  had  a  significantly  lower  risk  of  combined 
endpoints  including  CHD  and  total  MI  and  no  elevation  in 
breast  cancer  risk.^^  Observational  studies  suggest  that  longer 
duration  of  HT  use  is  associated  with  a  reduced  risk  of  CHD 
and  related  mortality.  The  WHI  RCTs  and  observational 
study  suggest  a  pattern  of  lower  risk  of  CHD  among  women 
who  used  HT  for  5  or  more  years,"^^  but  this  is  not  conclusive 
and  should  be  considered  in  light  of  other  factors  altered  by 
duration  of  therapy,  such  as  breast  cancer.  In  contrast,  both 
ET  and  EPT  are  associated  with  an  initial  increase  in  CHD 
risk  among  women  who  are  more  distant  from  menopause  at 
the  time  of  HT  initiation.^ 

These  findings  allow  for  longer  duration  of  use  with  ET  based 
on  a  woman’s  symptoms,  preferences,  and  current  benefit-risk 
profile. 

Provided  that  the  woman  is  well  aware  of  the  potential 
benefits  and  risks  and  has  clinical  supervision,  extending  EPT 
use  with  the  lowest  effective  dose  is  acceptable  under  some 
circumstances,  including  (1)  for  the  woman  who  has  determined 
that  the  benefits  of  menopause  symptom  relief  outweigh  risks, 
notably  after  failing  an  attempt  to  stop  EPT,  and  (2)  for  the 


woman  at  high  risk  of  fracture  for  whom  alternate  therapies  are 
not  appropriate  or  cause  unacceptable  adverse  effects. 

Discontinuation  of  HT 

Data  from  long-term  follow-up  of  women  who  discontinued 
ET  and  EPT  have  increased  our  understanding  of  the  sequelae 
of  discontinuing  HT.  In  the  WHI,  women  in  the  EPT  group 
who  had  stopped  HT  for  3  years  had  a  rate  of  cardiovascular 
events,  fractures,  and  colon  cancers  equivalent  to  that  of 
women  who  had  been  assigned  to  placebo. The  only  stat¬ 
istical  difference  was  an  increase  in  the  rates  of  all  cancer  in 
women  who  had  been  assigned  to  EPT,  with  an  excess  of 
30  cancers  per  10,000  women  per  year  of  EPT,  including  a 
number  of  fatal  lung  cancers. For  women  without  a  uterus, 
when  followed  for  3  years  after  stopping  ET,  there  was  no 
overall  increased  or  decreased  risk  of  CHD,  deep- vein  throm¬ 
bosis,  stroke,  hip  fracture,  colorectal  cancer,  or  total  mortality. 
A  statistically  significant  decreased  risk  of  invasive  breast  cancer 
persisted  (8  fewer  cases/10,000  women).^^  Discontinuance  of 
HT  will  lead  to  a  transient  increased  incidence  of  fracture, 
including  hip  fracture.  After  4  years  of  follow-up  in  the  ET 
arm  of  the  WHI,  cumulative  fracture  rates  were  similar  for 
both  ET  and  placebo  groups. 

HRs  for  all-cause  mortality,  reflecting  the  balance  of  all  of 
the  above  and  other  outcomes,  tended  to  be  neutral  in  both 
the  EPT  and  ET  arms  of  the  WHI  (HR,  0.98  and  1.04,  re¬ 
spectively).  During  the  3 -year  postintervention  phase  of  the 
EPT  trial,  mortality  rates  were  borderline  elevated  (HR,  1.15; 
95%  Cl,  0.95-1.39)  primarily  because  of  the  aforementioned 
increase  in  cancer.  During  the  entire  EPT  follow-up  period 
(active  treatment  plus  poststopping  phases),  the  HR  for  all¬ 
cause  mortality  in  the  EPT  arm  was  1.04  (95%  Cl,  0.91- 
1.18)^’  and  1.02  (95%  Cl,  0.91-1.15)  in  the  ET  arm.^* 

Regarding  other  outcomes  after  discontinuance  of  EPT,  an 
initial  analysis  of  data  from  the  National  Cancer  Institute’s 
Surveillance,  Epidemiology,  and  End  Results  registries  showed 
that  the  age-adjusted  incidence  rate  of  breast  cancer  in  women 
in  the  United  States  fell  sharply  (by  6.7%)  in  2003,  as  com¬ 
pared  with  the  rate  in  2002.^^^  The  decrease  was  evident  only 
in  women  who  were  50  years  or  older  and  was  more  evident  in 
cancers  that  were  estrogen  receptor  positive,  which  represent 
most  breast  cancers.  It  was  theorized  that  the  drop  could  be 
related  to  the  large  number  of  women  discontinuing  HT  after 
the  termination  of  the  EPT  arm  of  the  WHI. 

Vasomotor  symptoms  have  an  approximately  50%  chance 
of  recurring  when  HT  is  discontinued,  independent  of  age 
and  duration  of  use.^^^’^^^  In  one  RCT,  tapering  the  dose  of 
HT  for  1  month  and  abruptly  discontinuing  HT  had  a  similar 
impact  on  vasomotor  symptoms.  The  decision  to  continue 
HT  should  be  individualized  based  on  the  severity  of  symp¬ 
toms  and  current  benefit-risk  ratio  considerations. 

CONCLUSIONS  AND  RECOMMENDATIONS 

•  Individualization  is  of  key  importance  in  the  decision  to 
use  HT  and  should  incorporate  the  woman’s  health  and 
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quality  of  life  priorities  as  well  as  her  personal  risk  factors, 
such  as  risk  of  venous  thrombosis,  CHD,  stroke,  and  breast 
cancer. 

•  The  recommendation  for  duration  of  therapy  differs  for 
EPT  and  ET.  For  EPT,  duration  is  limited  by  the  increased 
risk  of  breast  cancer  and  breast  cancer  mortality  associated 
with  3  to  5  years  of  use;  for  ET,  a  more  favorable  benefit- 
risk  profile  was  observed  during  a  mean  of  7  years  of  use 
and  4  years  of  follow-up,  a  finding  that  allows  more 
flexibility  in  duration  of  use. 

•  ET  is  the  most  effective  treatment  of  symptoms  of  vulvar 
and  vaginal  atrophy;  low-dose,  local  vaginal  ET  is  advised 
when  only  vaginal  symptoms  are  present. 

•  Women  with  premature  or  early  menopause  who  are  other¬ 
wise  appropriate  candidates  for  HT  can  use  HT  at  least 
until  the  median  age  of  natural  menopause  (age  51  y). 
Longer  duration  of  treatment  can  be  considered  if  needed 
for  symptom  management. 

•  Although  ET  did  not  increase  breast  cancer  risk  in  the 
WHI,  there  is  a  lack  of  safety  data  supporting  the  use  of 
ET  in  breast  cancer  survivors,  and  one  RCT  reported  a 
higher  increase  in  breast  cancer  recurrence  rates. 

•  Both  transdermal  and  low-dose  oral  estrogen  have  been 
associated  with  lower  risks  of  VTE  and  stroke  than 
standard  doses  of  oral  estrogen,  but  RCT  evidence  is  not 
yet  available. 


SUMMARY 

In  the  decade  since  the  first  publication  of  results  from  the 
WHI  EPT  study,  much  has  been  learned.  There  is  a  growing 
body  of  evidence  that  HT  formulation,  route  of  administra¬ 
tion,  and  the  timing  of  therapy  produce  different  effects. 
Constructing  an  individual  benefit-risk  profile  is  essential  for 
every  woman  considering  any  HT  regimen.  A  woman’s  in¬ 
terest  in  using  HT  will  vary  depending  on  her  individual  sit¬ 
uation,  particularly  the  severity  of  her  menopausal  symptoms 
and  their  effect  on  her  QOL.  The  absolute  risks  known  to  date 
for  use  of  HT  in  healthy  women  ages  50  to  59  years  are  low. 
In  contrast,  long-term  HT  or  HT  initiation  in  older  women  is 
associated  with  greater  risks. 

Recommendations  for  duration  of  use  differ  between  ET 
and  EPT.  Given  the  more  favorable  safety  profile  of  ET,  it 
could  be  considered  for  longer  duration  of  therapy  in  the 
absence  of  adverse  effects  and  risk  factors.  Women  experi¬ 
encing  premature  menopause  are  at  increased  risk  of  osteo¬ 
porosis  and,  possibly,  cardiovascular  disease,  and  they  often 
experience  more  intense  symptoms  than  do  women  reaching 
menopause  at  the  median  age.  Therefore,  HT  generally  is  ad¬ 
vised  for  these  young  women  until  the  median  age  of  meno¬ 
pause  when  treatment  should  be  reassessed. 

Additional  research  is  needed  to  understand  the  different 
effects  of  ET  and  EPT  and  how  they  apply  to  individual  women. 
Further  research  is  also  needed  to  more  clearly  delineate  the 
role  of  aging  versus  menopause  and  the  effects  of  genetics, 
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lifestyle,  and  individual  clinical  characteristics  on  midlife 
women’s  health. 
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Transcription  factor  cistromes  are  highly  cell-type  specific.  Chromatin  accessibility,  histone  modifications,  and  nucleosome 
occupancy  have  all  been  found  to  play  a  role  in  defining  these  binding  locations.  Here,  we  show  that  hormone-induced 
DNase  1  hypersensitivity  changes  [ADHS]  are  highly  predictive  of  androgen  receptor  [AR]  and  estrogen  receptor  1  [ESRl] 
binding  in  prostate  cancer  and  breast  cancer  cells,  respectively.  While  chromatin  structure  prior  to  receptor  binding  and 
nucleosome  occupancy  after  binding  are  strikingly  different  for  ESRl  and  AR,  ADHS  is  highly  predictive  for  both.  AR 
binding  is  associated  with  changes  in  both  local  nucleosome  occupancy  and  DNase  1  hypersensitivity.  In  contrast,  while 
global  ESRl  binding  is  unrelated  to  changes  in  nucleosome  occupancy,  DNase  1  hypersensitivity  dynamics  are  also  predictive 
of  the  ESRl  cistrome.  These  findings  suggest  that  AR  and  ESRl  have  distinct  modes  of  interaction  with  chromatin  and  that 
DNase  1  hypersensitivity  dynamics  provides  a  general  approach  for  predicting  cell-type  specific  cistromes. 


[Supplemental  material  is  available  for  this  article.] 

In  eukaryotes,  transcription  is  regulated  in  a  cell-type  and  condi¬ 
tion-specific  manner  through  the  association  of  transcription 
factors  with  chromatin.  The  genome-wide  binding  sites  of  tran¬ 
scription  factors,  or  the  transcription  factor  cistromes,  are  influ¬ 
enced  by  the  active  protein  levels  of  the  transcription  factors, 
chromatin  structure,  and  DNA  sequence.  The  nucleosome  is  the 
fundamental  unit  of  chromatin  structure  and  has  been  thought  to 
compete  with  transcription  factors  for  occupancy  at  thermody¬ 
namically  favorable  genomic  loci.  By  comparing  nucleosome  oc¬ 
cupancy  maps  generated  from  nucleosome-resolution  H3K4me2 
ChIP-seq,  we  found  that  nucleosome  occupancy  changes  can  be 
predictive  of  transcription  factor  cistromes.  In  particular,  the 
binding  of  androgen  receptor  (AR)  in  prostate  cancer  LNCaP  cells 
leads  to  an  increased  occupancy  of  nucleosomes  flanking  the  AR 
binding  site  and  decreased  nucleosome  occupancy  in  the  position 
of  the  binding  site  itself  (He  et  al.  2010).  This  approach  also  cor¬ 
rectly  predicted  the  binding  of  two  factors,  POU2F1  and  NKX3-1, 
which  are  part  of  the  secondary  cellular  response  to  androgens  (He 
et  al.  2010).  This  phenomenon  is  not  unique  to  the  LNCaP  AR 
system;  it  has  also  been  observed  with  CDX2,  HNF4A,  and  GATA6 
binding  in  intestinal  differentiation  (Verzi  et  al.  2010)  and  with 
GATAl  in  hematopoiesis  (Hu  et  al.  2011). 

DNase  I  hypersensitivity  is  an  alternative  measure  of  chro¬ 
matin  accessibility  (Wu  1980).  DNase  I  hypersensitive  sites  (DHS), 
short  regions  of  chromatin  that  are  highly  sensitive  to  cleavage  by 
DNase  I,  typically  occur  in  nucleosome  free  regions  and  frequently 
arise  as  a  result  of  transcription  factor  binding.  DNase  I  digestion 
followed  by  high-throughput  sequencing  (DNase-seq)  has  evolved 
into  a  powerful  technique  for  identifying  genome-wide  DNase 
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hypersensitive  sites  (Ling  et  al.  2010;  John  et  al.  2011;  Siersbaek 
et  al.  2011).  Because  transcription  factor  binding  sites  tend  to  be 
DNase  I  hypersensitive  and  DNase-seq  does  not  require  a  factor- 
specific  antibody,  DNA  sequence  motif  analysis  on  DHS  data  has 
been  proposed  as  a  method  for  discovering  the  binding  sites  of 
multiple  transcription  factors  in  a  single  experiment  (Pique-Regi 
et  al.  2011;  Song  et  al.  2011). 

To  analyze  the  effects  of  androgen  receptor  (AR)  and  estrogen 
receptor  1  (ESRl)  binding  on  DHS,  we  conducted  genome-wide 
DNase-seq  in  both  unstimulated  and  hormone-stimulated  condi¬ 
tions.  Using  a  quantitative  measurement  of  DHS  changes  (ADHS) 
between  these  conditions,  we  were  able  to  predict  the  ESRl  and  AR 
cistromes.  Although  they  are  related  members  of  the  steroid  re¬ 
ceptor  family,  AR  and  ESRl  display  distinct  DHS  profiles.  Binding 
of  both  ESRl  and  AR  are  frequently  associated  with  significant 
increases  in  DHS  signal  upon  hormone  stimulation;  however,  ESRl 
sites  show  strong  DHS  prior  to  binding  and  AR  sites  do  not.  Fol¬ 
lowing  hormone  stimulation,  FOXAl  binding  sites  that  lacked  AR 
or  ESRl  binding  are  associated  with  a  significant  decrease  in  DHS. 
In  MCF-7  cells,  this  change  in  DHS  is  linked  not  to  a  change  in 
FOXAl  binding  but  rather  to  a  decrease  in  the  binding  of  the  ESRl 
coactivator,  NCOA3,  supporting  a  model  of  physiologic  squelch¬ 
ing.  This  study  demonstrates  that  ADHS  is  a  more  effective  and 
general  approach  to  predict  perturbation-induced  transcription 
factor  binding  sites  than  either  static  DHS  or  nucleosome  resolu¬ 
tion  H3K4me2  ChIP-seq. 

Results 

Estrogen  receptor  binding  in  breast  cancer  cells  is  not 
associated  with  significant  nucleosome  depletion 

Based  on  our  earlier  work  demonstrating  the  association  between 
AR  binding  and  nucleosome  depletion  (He  et  al.  2010),  we  carried 
out  an  H3K4me2  ChIP-seq  experiment  on  MNase  digested  chro¬ 
matin  in  the  MCF-7  breast  cancer  cell  line  comparing  unstimulated 
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(Veh)  cells  with  cells  grown  under  conditions  of  estrogen  stimula¬ 
tion  (E2).  Consistent  with  previous  studies  (Barski  et  al.  2007;  He 
et  al.  2010),  the  H3K4me2  sites  in  both  samples  were  mainly  located 
in  intergenic  and  intronic  regions  and  were  also  found  to  be  en¬ 
riched  in  promoter  regions  (Fig.  lA).  Over  64%  of  estrogen  recep¬ 
tor  1  (ESRl)  binding  sites  overlapped  with  regions  enriched  in 
H3K4me2  (estrogen-stimulated)  (Fig.  IB).  We  examined  the  distri¬ 
bution  of  H3K4me2  signals  relative  to  the  center  of  all  ESRl  binding 
sites.  Although  in  some  cases  ESRl  binds  to  regions  depleted  of 
H3K4me2  signal  (Supplemental  Fig.  lA),  in  both  the  vehicle  and 
stimulated  conditions  the  overall  pattern  shows  a  peak  in  the 
H3K4me2  signal  that  overlaps  with  the  ESRl  binding  sites  (Fig.  1C). 

We  systematically  assessed  ESRl  binding  as  a  function  of  the 
nucleosome  stabilization-destabilization  (NSD)  score,  a  measure  of 
nucleosome  occupancy  changes  established  in  previous  studies 
(He  et  al.  2010).  The  fraction  of  ESRl  binding  sites  located  in  high 
NSD  scoring  regions  was  no  greater  than  the  fraction  in  regions 
with  low  NSD  scores  (Fig.  ID).  This  pattern  is  significantly  different 
from  that  observed  in  AR  binding  (Supplemental  Fig.  IB).  In  AR 
binding  an  H3K4me2  tag  density  peak  at  the  AR  binding  site  be¬ 
comes  a  trough  after  androgen  stimulation,  resulting  in  high  NSD 
scoring  regions  being  highly  predictive  of  AR  binding  (He  et  al. 
2010).  Whereas  in  MCF-7  the  distributions  of  NSD  scores  at  ER  and 


non-ER  sites  are  not  significantly  different  (Supplemental  Fig.  1C, 
P-value  =  0.25),  the  distributions  of  NSD  scores  in  ENCaP  AR  and 
non-AR  sites  are  significantly  different  (Supplemental  Fig.  ID, 
P-value  =  2.2  x 

In  order  to  determine  whether  the  differences  in  the  behavior 
of  AR  in  ENCaP  cells  and  ESRl  in  MCF7  cells  were  due  to  a  differ¬ 
ence  in  the  transcription  factors  or  the  cell  lines,  we  analyzed 
H3K4me2  enrichment  at  AR,  ESRl,  and  FOXAl  sites  together  (Fig. 
2A,B;  Supplemental  Fig.  2A,B).  We  included  the  winged  helix 
transcription  factor  FOXAl  in  the  analysis  as  it  acts  as  a  ''pioneer 
factor"  in  breast  cancer  cells  and  is  required  for  ESRl  binding  to 
a  large  proportion  of  its  binding  sites  (Carroll  et  al.  2005;  Eupien 
et  al.  2008).  The  role  of  FOXAl  in  AR  action  in  prostate  cancer  cells 
is  more  complex,  though  a  significant  number  of  AR-bound  sites 
are  also  bound  by  FOXAl  (Eupien  et  al.  2008;  Wang  et  al.  2011). 
Consistent  with  our  previous  findings  (He  et  al.  2010),  sites  bound 
by  FOXAl  alone  in  either  ENCaP  or  MCF7  cells  show  a  pair  of 
stimulus-independent  peaks  that  flank  a  trough  directly  over  the 
FOXAl  binding  site  (Fig.  2A,B,  right  panels). 

When  we  examined  the  H3K4me2  signal  at  sites  bound  by  AR 
or  ESRl  that  lacked  FOXAl,  we  observed  very  different  patterns.  In 
ENCaP  cells,  AR  binding  sites  that  do  not  bind  FOXAl  had  a  broad 
peak  of  H3K4me2  prior  to  hormone  stimulation  that  resolved  into 
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Figure  1 .  Characteristics  of  H3K4nne2  ChIP-seq  in  MCF-7  cells.  (4)  Location  of  H3K4nne2  ChIP-enriched  peaks  relative  to  gene  annotations  in  unstimulated 
(Veh)  and  estrogen-stimulated  (E2)  conditions.  (B)  Venn  diagram  of  ESRl  binding  loci  in  relation  to  H3K4me2-enriched  regions.  (C)  Distribution  of  H3K4me2 
ChIP-seq  signal  at  non-promoter  (>1  kb  from  TSSs)  ESRl  binding  sites  under  unstimulated  and  estrogen-stimulated  conditions.  (D)  The  fraction  of  ESRl 
binding  sites  in  paired  nucleosome  bins  sorted  in  descending  order  by  NSD  score  (stimulated  vs.  unstimulated).  Paired  nucleosome  regions  are  ranked  by  the 
NSD  score  that  represents  the  differences  in  the  H3K4me2  tag  counts  before  and  after  estrogen  treatment.  These  ranked  regions  are  grouped  into  bins  of  500 
to  calculate  the  proportion  of  real  binding  sites  as  a  function  of  rank.  (F-axis)  Fraction  of  the  regions  in  each  bin  that  overlap  with  ESRl  ChIP-seq  enriched 
regions. 
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two  sharp  peaks  flanking  the  AR  binding 
site  upon  AR  activation  (Fig.  2k,  left 
panels).  In  contrast,  ESRl  binding  sites  in 
MCF7  cells  that  lack  FOXAl  had  a  broad 
peak  of  H3K4me2  centered  over  the  ESRl 
binding  site  both  before  and  after  ESRl 
activation  (Fig.  2B,  left  panels).  The  pattern 
of  H3K4me2  at  the  shared  AR/FOXAl 
and  ESRl/FOXAl  sites  was  also  distinct. 
H3K4me2  signal  at  the  AR/FOXAl  bound 
sites  indicates  nucleosome  depletion  and 
better  positioned  flanking  nucleosomes 
after  AR  activation  (Fig.  2k,  center  panels). 
In  contrast,  the  pattern  at  ESRl/FOXAl 
sites  is  similar  to  the  ESRl -unique  sites 
and  has  a  single  broad  peak  both  before 
and  after  ESRl  activation  (Fig.  2B,  center 
panels).  NFS,  an  algorithm  that  predicts 
nucleosome  position  (Zhang  et  al.  2008b), 
also  predicts  clearly  different  nucleosome 
distributions  relative  to  ESRl -unique  bind¬ 
ing  sites,  FOXAl-unique  binding  sites,  and 
shared  sites  (Supplemental  Fig.  IC-E).  At 
sites  of  ESRl  binding  with  or  without 
FOXAl,  the  predicted  nucleosomes  more 
frequently  overlap  the  ESRl  binding  site 
(Supplemental  Fig.  1E,F)  while  FOXAl 
sites  that  lack  ESRl  binding  sites  have  a 
peak  of  binding  that  is  in  a  region  removed 
from  a  nucleosome  center  (Supplemental 
Fig.  IG). 

To  further  test  whether  the  differ¬ 
ences  between  ESRl  and  AR  are  intrinsic 
to  the  transcription  factors,  we  examined 
the  MCF-7-derived  hormone-independent 
breast  cancer  cell  line  MCE-7:2A  (Pink 
et  al.  1995;  Ariazi  et  al.  2011).  While  MCF- 
7:2A  cells  grow  in  the  absence  of  estrogen 
or  androgen,  their  growth  is  inhibited  by 
silencing  of  either  ESRl  or  AR  (data  not 
shown).  Sixty-five  percent  of  the  ESRl 
binding  sites  in  MCE- 7  under  the  E2- 
stimulated  condition  overlap  with  those 
of  MCF-7:2A  in  the  absence  of  estrogen 
(Supplemental  Fig.  2C).  While  there  is 
significant  overlap  in  the  ESRl  and  AR 
binding  sites  in  MCF-7:2A,  there  are  also 
many  ESRl-  and  AR-unique  sites  (Fig.  2C, 
Venn  diagram).  MNase  digested  H3K4me2 
ChIP-seq  in  MCF-7:2A  was  performed,  and 
the  distribution  of  H3K4me2  at  ESRl- 
unique,  AR-unique,  and  shared  sites  was 
determined  (Fig.  2C;  Supplemental  Fig. 
2D).  At  the  ESRl-unique  binding  sites, 
H3K4me2  formed  a  sharp,  unimodal  peak 
at  the  binding  site  (Fig.  2C,  left  panel).  In 
contrast,  the  AR-unique  sites  are  associ¬ 
ated  with  a  broader  H3K4me2  tag  distri¬ 
bution  with  two  modes  that  flank  the  AR 
binding  site  (Fig.  2C,  right  panel).  Shared 
ESRl  and  AR  binding  sites  had  an 
H3K4me2  profile  with  an  intermediate 
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distribution  between  that  of  the  ESRl -unique  and  AR-unique  sites 
(Fig.  2C,  middle  panel).  These  results  suggest  that,  although  AR 
binding  involves  depletion  of  a  nucleosome  directly  over  the  AR 
binding  site,  ESRl  binding  does  not. 

Quantitative  measures  of  DNase  I  dynamics  are  predictive 
of  TF  binding 

Given  our  finding  that  ESRl  binding  could  not  be  predicted  by 
changes  in  the  occupancy  of  H3K4me2  marked  nucleosomes,  we 
investigated  stimulus-dependent  changes  in  DNase  I  hypersen¬ 
sitivity  (DHS)  as  a  complement  to  nucleosome  occupancy.  An 
analysis  of  DHS  under  unstimulated  (Veh)  and  androgen-stimu¬ 
lated  (DHT)  conditions  in  the  ENCaP  cell  line  demonstrated  that 
51%  of  AR  binding  sites  overlap  with  androgen-stimulated  DHS 
regions  (Fig.  3A),  as  would  be  expected  from  our  prior  work  on 
nucleosome  occupancy.  When  we  analyzed  DHS  in  MCE- 7  cells  in 
unstimulated  and  estrogen-stimulated  (E2)  conditions,  we  found 
that  —63%  of  ESRl  binding  sites  overlap  with  stimulated  DHS  re¬ 
gions  (Fig.  3B).  In  ENCaP  cells,  increasing  the  sequencing  depth 
from  50  M  to  70  M  increased  the  proportion  of  AR  sites  that  over¬ 
lapped  a  DHS  site  from  51%  to  55%  (Supplemental  Fig.  3 A).  Simi¬ 
larly,  increasing  the  sequencing  depth  in  MCE- 7  cells  from  28  M  to 
70  M  raised  the  proportion  of  ESRl  sites  that  overlap  with  DHS  from 
63%  to  71%  (Supplemental  Fig.  3B).  ESRl  and  AR  sites  that  are  not 
associated  with  DHS  show  significantly  lower  levels  of  binding  than 
those  that  are  associated  with  DHS  (Supplemental  Fig.  3C,D). 

DHS  regions  encompass  genomic  locations  that  are  associated 
with  a  variety  of  transcription  factors  and  other  chromatin-asso¬ 
ciated  complexes;  therefore,  we  investigated  whether  changes  in 
DHS  between  conditions  can  be  used  to  enhance  the  specificity  of 
transcription  factor  binding  site  prediction.  Starting  with  the  set  of 
DHS  regions  that  were  detected  under  hormone-stimulated  con¬ 
ditions,  we  ranked  the  regions  by  three  criteria:  the  DHS  tag  count 
in  the  unstimulated  condition,  the  DHS  tag  count  in  the  stimu¬ 
lated  condition,  and  a  score  representing  the  change  in  the  num¬ 
ber  of  tag  counts  between  the  two  conditions  (ADHS)  (Fig.  3C,D). 
The  results  for  the  ENCaP  AR  and  MCE- 7  ESRl  systems  were  quite 
distinct.  In  ENCaP  cells,  the  level  of  DHS  is  not  a  strong  predictor  of 
AR  binding  in  either  the  unstimulated  or  stimulated  condition, 
although  in  both  cases  it  is  somewhat  informative.  In  contrast,  the 
change  in  DHS,  ADHS,  is  a  very  strong  predictor  of  AR  binding  (Fig. 
3C).  Interestingly,  in  the  MCE- 7  system,  the  level  of  DHS  under 
unstimulated  conditions  is  slightly  predictive  of  ESRl  binding; 
however,  estrogen-stimulated  DHS  and,  most  significantly,  ADHS 
are  progressively  superior  at  predicting  ESRl  binding  (Fig.  3D). 
These  results  suggest  on  a  genome-wide  scale  that  at  AR  and  ESRl 
binding  sites  DHS  increases  upon  receptor  binding. 

On  a  genomic  scale,  DNA  sequence  recognition  motifs  alone 
are  poor  predictors  of  in  vivo  ESRl  and  AR  binding.  However, 
within  DHS  regions,  DNA  sequence  motifs  may  be  useful  for  iden¬ 


tifying  the  DHS  sites  associated  with  the  binding  of  a  particular 
transcription  factor.  Starting  with  the  set  of  DHS  regions  detected  in 
the  hormone-stimulated  condition,  we  ranked  the  regions  by  three 
criteria:  ADHS,  strength  of  the  AR  or  ESRl  DNA  sequence  motif,  and 
a  combination  of  the  sequence  motif  and  ADHS.  In  both  the  ENCaP 
and  MCE 7  systems,  the  nuclear  receptor  binding  motifs  are  capable 
of  discerning  the  binding  locations  of  the  specific  factors  from  the 
remainder  of  the  open  chromatin  regions  (Supplemental  Fig.  4A,B). 
Therefore,  while  DNA  sequence  motifs  may  not  be  reliable  pre¬ 
dictors  of  transcription  factor  binding  across  the  entire  genome 
(Carroll  et  al.  2006),  they  are  reliable  predictors  within  the  regions  of 
open  chromatin.  The  best  prediction  of  AR  or  ESRl  binding,  how¬ 
ever,  was  obtained  by  combining  ADHS  and  motif  based  rankings. 
To  further  assess  the  ability  of  our  approach  to  predict  genome-wide 
receptor  binding  sites,  we  carried  out  precision-recall  analysis  for  ESRl 
(Fig.  3E)  and  AR  (Supplemental  Fig.  5).  Precision  is  the  fraction  of 
predicted  binding  sites  that  are  true  positives  and  recall  is  the  fraction 
of  true  binding  sites  identified.  As  seen  for  ESRl  in  MCE- 7  cells,  DNA 
sequence  motif  alone  is  a  poor  predictor  of  binding.  Combining  static 
DHS  peaks  with  motif  yields  a  significantly  better  prediction,  while 
combining  ADHS  with  motif  is  most  predictive.  Interestingly  when 
we  plotted  the  precision-recall  value  for  the  ESRl  binding  sites  pre¬ 
dicted  by  the  CENTIPEDE  algorithm  (Pique-Regi  et  al.  2011)  we  found 
a  point-prediction  (see  Methods)  that  is  very  similar  to  what  we  find 
using  stahc  DHS  plus  motif.  Thus  ADHS  plus  motif  provides  a  pow¬ 
erful  computational  model  for  TF  binding  site  prediction. 

DNase  I  hypersensitivity  is  dependent  on  combinations 
of  bound  transcription  factors 

We  further  investigated  the  influence  of  combinations  of  ESRl  and 
AR  binding  with  FOXAl  on  ADHS.  We  found  that  the  majority  of 
FOXAl  sites  are  DHS  in  the  ENCaP  (72%)  and  MCF-7  (64%)  cell 
lines  (Supplemental  Fig.  6).  Interestingly,  while  DHS  tends  to  in¬ 
crease  at  shared  nuclear  receptor  FOXAl  sites,  FOXAl  sites  that  do 
not  overlap  with  AR  or  ESRl  loci  after  stimulation  are  associated 
with  a  decrease  in  DHS  (Fig.  3F,G).  In  addition,  ADHS  at  nuclear 
receptor  binding  loci  are  modified  by  the  presence  of  FOXAl  in 
a  cell  line  dependent  fashion.  In  MCF-7,  ESRl  sites  that  overlap 
with  FOXAl  loci  tend  to  show  larger  increases  in  DHS  than  the 
non-FOXAl  binding  site  containing  ESRl  sites  (Fig.  3G).  In  con¬ 
trast,  we  observe  a  larger  ADHS  in  non-FOXAl  AR  binding  sites 
than  in  the  AR  sites  that  overlap  with  FOXAl  (Fig.  3F)  in  ENCaP 
cells,  despite  the  fact  that  the  hormone-stimulated  DHS  signals  in 
both  cell  lines  are  greatest  at  the  shared  nuclear  receptor-FOXAl 
shared  sites  (Supplemental  Fig.  7). 

Coactivator  activity  is  detected  by  ADHS 

One  motivation  for  generating  cistromes  is  to  gain  insight  into  the 
regulation  of  gene  expression.  To  determine  if  ADHS  can  inform 
transcriptional  regulation,  we  compared  published  ENCaP  gene 
expression  data  (Wang  et  al.  2009)  and 
MCF-7  GRO-seq  data  (Hah  et  al.  2011) 
with  three  sets  of  DHS  sites:  hormone- 
increased  (top  5000  ADHS),  hormone- 
diminished  (bottom  5000  ADHS),  and 
hormone-unchanged  (middle  5000  ADHS). 
In  both  ENCaP  and  MCF-7  cells,  the  ratio  of 
up-regulated  genes  to  non-regulated  genes 
(odds  ratio)  has  a  strong  positive  associa¬ 
tion  with  the  hormone-increased  DHS  sites 
within  20  kb  of  the  transcription  start  site 


Figure  2.  Mono-nucleosome  level  H3K4nne2  ChIP-seq  at  nuclear  receptor  and  FOXAl  binding  loci  in 
the  MCF-7  (A),  LNCaP  (B),  and  MCF-7:2A  (C)  cell  lines.  (A)  (Top  panel)  Venn  diagram  of  AR  binding 
in  relation  to  FOXAl  binding.  (Middle  panel)  Distribution  of  H3K4me2  signal  centered  on  AR-unique, 
AR/FOXA1  shared,  and  FOXAl -unique  sites  in  the  unstimulated  condition.  (Bottom  panel)  Distribution 
of  H3K4me2  signal  centered  on  the  AR-unique,  AR/FOXA1  shared,  and  FOXAl -unique  sites  under 
conditions  of  androgen  stimulation.  (B)  (Top  panel)  Venn  diagram  of  ESRl  binding  in  relation  to 
FOXAl  binding.  (Middle  panel)  Distribution  of  H3K4me2  signal  centered  on  ESRl -unique,  ESRl /FOXAl 
shared  and  FOXAl -unique  sites  in  unstimulated  cells.  (Bottom  panel)  Distribution  of  H3K4me2  signal 
centered  on  ESRl -unique,  ESRl /FOXAl  shared,  and  FOXAl -unique  sites  in  estrogen  stimulated  cells. 
(C)  (Top  panel)  Venn  diagram  of  ESRl  binding  in  relation  to  AR  binding.  (Bottom  panel)  Distribution  of 
H3K4me2  signal  centered  on  ESRl -unique,  ESR1/AR  shared,  and  AR-unique  sites  in  unstimulated  cells. 
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(TSS)  (Fig.  4A,  red  bars).  In  contrast,  there  is  no  positive  association  We  have  previously  shown  using  ESRl  ChIP-chip  and  gene  ex- 

between  hormone-unchanged  or  -diminished  DHS  sites  with  in-  pression  microarrays  in  MCF-7  that  early  up-regulated  genes,  which 

creased  gene  expression  (Fig.  4A,  blue  and  green  bars).  increased  after  3  h  of  hormone  stimulation,  are  strongly  associated 
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Figure  4.  Association  between  dynamic  DNase-seq  and  differentially  expressed  genes.  Three  groups 
of  DHS  are  represented  in  LNCaP  and  MCF-7  cells:  hormone-induced  DHS  sites  (red);  hormone-un¬ 
changed  DHS  sites  (blue);  and  hormone-diminished  DHS  sites  (green).  (T-axis)  Odds  ratio  calculated  by 
the  following  formula:  (up-regulated  genes  with  at  least  one  nearby  site/non-regulated  genes  with  at 
least  one  nearby  site)/(up-regulated  genes  with  no  nearby  site/non-regulated  genes  with  no  nearby 
site).  In  this  definition,  ''nearby"  means  within  20  kb  of  the  TSS.  The  hormone-induced  sites  are  asso¬ 
ciated  with  up-regulated  genes  (A),  while  the  hormone-depleted  sites  are  associated  with  down-reg¬ 
ulated  genes  (5). 


with  ESRl  binding,  whereas  the  early 
down-regulated  genes  are  not  (Carroll 
et  al.  2006).  These  findings  were  con¬ 
firmed  by  Hah  and  colleagues  using  GRO- 
seq  (Hah  et  al.  2011).  Interestingly,  we 
find  a  strong  association  of  early  down- 
regulated  genes  with  the  hormone- 
diminished  DHS  sites  (Fig.  4B,  green 
bars).  Motif  analysis  shows  that,  while 
the  hormone-induced  DHS  regions  are 
enriched  for  motifs  for  ESRl,  forkhead  and 
AP-1,  the  hormone-diminished  DHS  sites 
are  enriched  primarily  for  the  forkhead 
motif  and  not  the  ESRl  motif  (Table  1). 

We  confirmed  that  FOXAl  binding  is 
enriched  at  the  sites  with  both  the  highest 
and  lowest  ADHS  using  FOXAl  ChIP-seq 
data  (Fig.  5 A).  Interestingly,  the  FOXAl 
sites  lacking  ESRl  are  only  strongly  as¬ 
sociated  with  the  sites  with  the  lowest 
ADHS  (Fig.  SB).  One  explanation  for  these 
findings  would  be  that,  at  sites  where 
FOXAl  is  bound  in  the  absence  of  ESRl, 

FOXAl  binding  is  reduced  upon  estrogen 
shmulation. 

To  investigate  whether  FOXAl  sites 
without  ESRl  binding  have  reduced  en¬ 
richment  upon  stimulation,  we  compared 
the  FOXAl  ChIP-seq  reads  under  vehicle 
and  stimulated  conditions  (Joseph  et  al. 

2010)  within  the  three  categories  of  5000 
DHS  sites  (Fig.  5C).  Starting  with  DHS  re¬ 
gions  detected  in  the  E2-stimulated  con¬ 
dition  we  counted  the  number  of  FOXAl 
tags  obtained  from  ChIP-seq  in  unstimu¬ 
lated  and  E2-stimulated  conditions.  If  we  restrict  the  set  of  DHS 
regions  to  include  only  the  middle  5000  hormone-unchanged  re¬ 
gions  and  plot  the  FOXAl  tag  count  for  the  stimulated  condition  as 
a  function  of  that  for  the  unstimulated  condition,  we  see  a  linear 
trend,  represented  by  the  blue  regression  line  in  Figure  5C.  In 
a  similar  way  if  we  select  the  top  5000  hormone-increased  DHS  sites, 
we  again  see  a  linear  trend  but  the  slope  of  the  regression  line  (red) 
for  this  trend  is  greater.  This  indicates  that  there  is  more  hormone- 
stimulated  FOXAl  binding  in  the  hormone-increased  set  than  in 
the  hormone-unchanged  set.  If  we  select  the  top  5000  hormone- 
diminished  sites  and  plot  a  regression  line  (green),  we  see  the  slope 
of  the  regression  line  through  the  hormone-diminished  set  is  not 
significantly  lower  than  that  of  the  hormone-unchanged  set.  A  re¬ 


duction  in  FOXAl  binding  does  not,  therefore,  appear  to  explain 
the  decrease  in  DHS. 

Physiological  squelching  (Meyer  et  al.  1989)  has  been  postulated 
to  be  an  important  mode  of  early  estrogen  down-regulation  (Carroll 
et  al.  2006).  This  phenomenon  occurs  when  multiple  factors  in  the 
same  cell  share  a  common  factor,  such  as  a  coactivator  that  is  present 
at  a  limiting  concentration.  The  transcription  factors  interfere  with 
each  other,  "squelching"  each  other's  influence.  Of  the  numerous 
known  ESRl  coactivators,  NCOA3  has  been  shown  to  have  a  partic¬ 
ularly  strong  synergy  with  ESRl  in  enhancing  gene  expression 
(Torchia  et  al.  1997).  As  with  FOXAl,  NCOA3  binding  was  associated 
with  both  the  highest  and  lowest  ADHS  sites  overall  and  with  only 
the  lowest  ADHS  sites  at  loci  lacking  ESRl  (Supplemental  Fig.  8). 


Figure  3.  Characteristics  of  DNase  I  hypersensitivity  sequencing.  (A)  Venn  diagram  of  the  DHS  and  AR  peaks  in  LNCaP.  The  DNase-seq  sequencing  depth 
was  normalized  to  the  lower  sequencing  depth  for  the  unstimulated  (50  M)  and  androgen-stimulated  (70  M)  conditions.  (B)  Venn  diagram  of  the  DHS  and 
ESRl  peaks  in  MCF-7.  DNase-seq  sequencing  depth  was  normalized  to  the  lower  sequencing  depth  of  the  unstimulated  (28  M)  and  estrogen-stimulated  (70 
M)  conditions.  (C,D)  The  fraction  of  LNCaP  AR  (C)  or  MCF-7  ESRl  (D)  binding  sites  in  bins  ranked  by  three  measures:  DNase-seq  tag  counts  in  stimulated  and 
unstimulated  conditions  and  a  score,  ADHS,  representing  the  change  in  DNase  I  hypersensitivity  between  the  two  conditions.  The  DNase-seq  peak  regions 
under  the  stimulated  condition  are  ranked  by  these  measures.  To  calculate  the  proportion  of  real  binding  sites  as  a  function  of  rank,  these  ranked  regions  are 
grouped  into  bins  of  500.  (T-axis)  Fraction  of  regions  in  each  bin  that  overlap  with  AR(C)  or  ESRl  (D)  ChIP-seq  enriched  regions.  (£)The  precision-recall  curves 
for  prediction  power  of  MCF-7  ESRl  binding  sites  were  calculated  by  five  measures:  ADHS,  ESRl  motif,  ESRl  motif  in  E2  DHS,  sqrt([ADHS  rank]*[motif  rank]), 
and  results  generated  by  the  CENTIPEDE  algorithm  on  ENCODE  MCF-7  DNase-seq  data  (see  Methods).  (f,C)  Box  plots  showing  the  distribution  of  the 
DNase-seq  change  (ADHS)  between  the  unstimulated  and  stimulated  conditions  in  LNCaP  (f)  and  MCF-7  (C)  cells.  "All"  represents  all  the  DHS  sites  in  MCF-7 
and  LNCaP;  "AR  not  FOXAl "  and  "ESRl  not  FOXAl "  represent  AR  and  ESRl  binding  sites  that  do  not  overlap  with  FOXAl;  "ARand  FOXAl "  and  "ESRl  and 
FOXAl "  represent  AR  and  ESRl  binding  sites  that  overlap  with  FOXAl ;  "FOXAl  not  AR"  and  "FOXAl  not  ESRl "  represent  FOXAl  binding  sites  that  do  not 
overlap  with  AR  and  ESRl .  (**)  Wilcoxon  rank-sum  test  P-values  <0.01,  comparing  "all"  with  the  other  categories. 
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Table  1.  Top  20  motifs  enriched  in  the  top  5000  and  bottom  5000  MCF-7  ADHS  regions 


Top  5000  ADHS 


Bottom  5000  ADHS 


Motif  ID 

Gene  symbol 

Number  of  hits 

P-value 

Motif  ID 

Gene  symbol 

Number  of  hits 

P-value 

M00959 

ESRl 

2002 

1.00  X  10  ^ 

M00724 

FOXAl 

3806 

1.00  X  10-^° 

M00515 

PPARG 

997 

1.00  X  10“^° 

M00131 

FOXA2 

3782 

1.00  X  10“^° 

M00925 

jUN/FOS 

1557 

1.00  X  10^“ 

M01012 

FOXMl 

4283 

1.00  X  10^^° 

M00156 

RORA 

2797 

1.00  X  10  ^ 

M00269 

FOXA2 

4803 

1.00  X  10-^° 

M00037 

NFE2 

1696 

1.00  X  10  ^ 

M00292 

FOXDl 

3250 

1.00  X  10-^° 

M00285 

NFE2U 

4634 

1.00  X  10“^° 

M00422 

FOX]2 

4171 

1.00  X  10“^° 

M00495 

BACH1 

972 

1.00  X  10  ^ 

M00290 

FOXF2 

4927 

1.00  X  10-^° 

M00490 

BACH2 

875 

1.00  X  10“^° 

M00291 

FOXCl 

4891 

1.00  X  10“^° 

M00239 

NRIDI 

1531 

1.00  X  10“^° 

M00289 

FOX  11 

4747 

1.00  X  10“^° 

M00727 

SFl 

4133 

1.00  X  10“^° 

M00266 

CROCC 

4693 

1.00  X  10“^° 

M00511 

SLC7A1 

3291 

1.00  X  10  ^ 

M00268 

XFD2 

4962 

1.00  X  10-^° 

M01138 

RORl 

3723 

1.00  X  10“^° 

M01137 

FOX03 

4496 

1.00  X  10“^° 

M00292 

FOXDl 

4559 

1.00  X  10“^° 

M00809 

FOX  factors 

3571 

1.00  X  10“^° 

M00157 

ROR2 

1568 

1.00  X  10^“ 

M00472 

FOX04 

4543 

1.00  X  10^^° 

M00204 

CCN4 

808 

1.00  X  10  ^ 

M00742 

FOXjl 

4768 

1.00  X  10-^° 

M00821 

NFE2L2 

2809 

1.00  X  10“^° 

M00267 

XFDl 

4583 

1.00  X  10“^° 

M00035 

MAF 

2896 

1.00  X  10^“ 

M00951 

CRHL3 

3561 

1.00  X  10^^° 

M00269 

FOXA2 

2247 

2.06  X  10-^^ 

M00294 

FOXFl 

4859 

1.00  X  10-^° 

M00724 

FOXAl 

4452 

1.34  X  10“^^ 

M00475 

FOX03 

4259 

1.00  X  10“^° 

M00983 

MAF 

949 

2.89  X  10“^^ 

M00473 

FOXOl 

4800 

1.00  X  10“^° 

Using  published  MCF-7  NCOA3  ChIP-seq  data  (Joseph  et  al. 
2010;  Lanz  et  al.  2010),  we  compared  NCOA3  and  FOXAl  cis- 
tromes,  finding  61%  of  FOXAl  binding  sites  overlap  with  NCOA3 
(Supplemental  Fig.  9).  Analyzing  the  three  categories  of  DHS  sites 
using  this  NCOA3  ChIP-seq  data,  we  found  that  NCOA3  binding 
associated  with  hormone-diminished  DHS  loci  was  distributed  in 
a  clearly  distinct  pattern  from  the  hormone-unchanged  sites  (Fig. 
5D).  The  slope  of  the  regression  line  of  the  hormone-diminished 
set  was  significantly  lower  than  that  of  the  hormone-unchanged 
set  (Fig.  5D).  As  ESRl  directly  interacts  with  NCOA3,  these  data 
support  the  hypothesis  that  ESRl  competes  with  FOXAl  for  lim¬ 
ited  amounts  of  NCOA3  that  are  either  directly  associated  with 
FOXAl  or  associated  with  other  transcription  factors  whose 
binding  is  facilitated  by  FOXAl. 

If  physiological  squelching  is  responsible  for  the  E2-stimu- 
lated  loss  of  NCOA3  at  FOXAl  binding  sites,  then  higher  con¬ 
centrations  of  NCOA3  in  the  nucleus  should  result  in  a  reduced  E2- 
stimulated  NCOA3  loss.  We  tested  this  by  overexpressing  NCOA3 
(Supplemental  Fig.  lOA),  selecting  six  FOXAl  non-ESRl  binding 
sites  from  hormone-diminished  DHS  and  determining  NCOA3 
and  FOXAl  binding  strength  by  ChIP-qPCR  (Supplemental  Fig.  10). 
The  control  confirms  what  we  found  in  the  ChIP-seq  data:  FOXAl 
binding  does  not  significantly  change  on  E2  stimulation  and  there 
is  NCOA3  loss  (Fig.  5E).  In  the  NCOA3  overexpression  experiment, 
however,  we  find  no  significant  change  in  either  FOXAl  or  NCOA3 
binding  on  E2  stimulation  (Fig.  5F).  We  also  examined  the  effect 
of  NCOA3  overexpression  on  the  expression  of  five  genes  down- 
regulated  by  estrogen  and  found  that  NCOA3  overexpression  re¬ 
duced  the  extent  of  these  expression  changes  (Supplemental  Fig. 
11).  These  results  are  consistent  with  the  physiological  squelching 
mechanism  in  which  E2-induced  ESRl  binding  sites  compete  with 
EOXAl  sites  for  the  NCOA3  coregulator. 

Discussion 

Using  genome-wide  DNase-seq  and  H3K4me2  ChIP-seq  analyses, 
we  have  mapped  important  features  of  enhancer-associated  chro¬ 
matin.  We  observed  systematic  differences  in  nucleosome  occupancy 


patterns  and  DHS  associated  with  different  transcription  factors  in 
ENCaP  and  MCE- 7  cell  lines.  While  AR  binding  in  ENCaP  cells  has 
large  effects  on  nucleosome  occupancy,  ESRl  binding  in  MCE- 7 
cells  is  not  strongly  influenced  by,  nor  does  it  influence,  nucleo¬ 
some  occupancy.  In  ENCaP  cells,  it  has  been  reported  that  a 
knockdown  of  EOXAl  expression  causes  a  dramatic  change  in  AR 
binding  locations,  including  the  gain  of  numerous  sites  that  are 
not  observed  under  normal  FOXAl  conditions  (Wang  et  al.  2011). 
Notably,  these  new  AR  binding  sites  were  not  associated  with  ob¬ 
servable  nucleosome  remodeling  but  were  more  like  the  ESRl 
binding  we  observed  in  MCE- 7  cells. 

Thermodynamic  equilibrium  has  been  proposed  to  explain 
experimentally  observed  genome-wide  in  vivo  nucleosome  occu¬ 
pancy  patterns.  In  this  model,  both  nucleosomes  and  transcription 
factors  have  an  intrinsic  affinity  for  DNA  sequence  that  is  de¬ 
pendent  on  sequence  composition  (Segal  and  Widom  2009). 
Transcription  factors  compete  with  nucleosomes  for  DNA,  and 
thermodynamic  equilibrium  determines  the  configuration  of  nu¬ 
cleosomes  and  transcription  factors.  In  addition,  nucleosome  oc¬ 
cupancy  is  likely  to  be  shaped  by  kinetic  elements,  in  particular, 
chromatin-remodeling  factors  using  the  energy  derived  from  ATP 
hydrolysis  to  actively  modify  DNA-histone  interactions.  The  im¬ 
portance  of  ATP-dependent  factors  was  demonstrated  in  a  recent 
study  that  showed  that  ATP  is  essential  for  creating  the  strongly 
positioned  nucleosome  arrays  observed  near  TSSs  in  Saccharomyces 
(Zhang  et  al.  2011).  Experimental  evidence  shows  that  different 
chromatin  remodeling  enzymes  are  recruited  to  enhancer  loci  by 
sequence-specific  transcription  factors  (Peterson  and  Workman 
2000),  such  as  nuclear  receptors.  Eor  example,  BRG-1,  the  active 
component  of  human  SWI/SNF  chromatin-remodeling  com¬ 
plexes,  has  been  shown  to  be  a  key  factor  that  potentiates  AR-  and 
ESRl -regulated  transcription  (DiRenzo  et  al.  2000;  Dai  et  al.  2008). 
Both  AR  and  ESRl  are  known  to  interact  directly  with  BAF57, 
a  component  of  the  SWI/SNF  remodeling  complexes  (Belandia 
et  al.  2002;  Eink  et  al.  2005).  Several  modes  of  chromatin  remod¬ 
eling  have  been  suggested,  including  nucleosome  sliding,  nucle¬ 
osome  eviction,  and  looping  of  DNA  away  from  the  histone  core. 
We  speculate  that  the  distinct  mechanisms  of  the  different  classes 
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Figure  5.  DNase  I  hypersensitivity  changes  at  FOXAl  and  NCOA3  sites.  Association  of  ADHS  with 
FOXAl  sites  in  the  presence  (A)  and  absence  (6)  of  ESR1  binding.  MCF-7  DHS  in  the  estrogen-stimulated 
condition  were  ranked  in  descending  order  based  on  the  ADHS  score.  These  ranked  regions  are  grouped 
into  bins  of  500.  (T-axis)  Fraction  of  regions  that  overlap  with  FOXAl  ChIP-seq  enriched  regions.  Scatter 
plots  of  FOXAl  (C)  and  NCOA3  (D)  ChIP-seq  tag  counts  in  the  stimulated  condition  compared  with 
counts  in  the  unstimulated  condition.  Three  groups  of  5000  DHS  sites  were  selected  from  the  MCF-7 
estrogen-stimulated  DHS  sites:  DHS-increased  (red),  DHS-unchanged  (blue),  and  DHS-diminished 
(green).  Regression  lines  were  drawn  for  each  of  the  groups.  The  steeper  the  slope  of  a  regression  line, 
the  greater  the  binding  of  the  factor  in  the  E2-stimulated  condition  relative  to  the  unstimulated  con¬ 
dition.  While  the  slope  for  FOXAl  in  the  DHS-diminished  category  is  not  significantly  different  from  that 
in  the  DHS-unchanged  category,  the  slope  for  NCOA3  in  the  DHS-diminished  category  is  less  than  that 
for  the  DHS-unchanged  category.  This  means  that  within  the  DHS-diminished  category  NCOA3  binding 
tends  to  decrease  on  E2  stimulation  while  FOXAl  binding  is  maintained  at  the  same  level.  Changes  of 
FOXAl  and  NCOA3  binding  strength  at  FOXAl  binding  sites  in  the  overexpression  control  (f)  and  NCOA3 
overexpression  (f)  samples  under  stimulated  and  unstimulated  conditions.  Six  FOXAl  binding  sites  were 
selected  from  the  hormone-diminished  DHS  sites.  Box  plots  were  generated  from  the  ChIP-qPCR  data  of  the 
six  sites  tested.  The  individual  ChIP-qPCR  assays  are  shown  in  Supplemental  Figure  1 0. 


of  ATP-dependent  remodeling  enzymes  may  explain  the  differential 
chromatin  effects  seen  in  our  experiments.  Our  study  demonstrates 
how  MNase  digestion  and  DHS  chromatin  assays  provide  comple¬ 
mentary  information  on  chromatin  structure. 


Our  differential  DNase  I  hypersensi¬ 
tivity  experiments  revealed  a  surprising 
link  between  coregulator  and  chromatin 
structure.  Significantly,  this  link  was  not 
merely  a  consequence  of  FOXAl  binding 
itself.  NCOA3  ChIP-seq  in  MCF-7  cells 
under  vehicle  and  estrogen-induced  con¬ 
ditions  revealed  that,  although  a  high 
overlap  between  NCOA3  and  ESRl  was 
observed,  an  unexpectedly  high  overlap 
between  FOXAl  binding  sites  and  NCO Ad- 
enriched  loci  was  also  found  (Lanz  et  al. 
2010).  Previously,  coregulators  and  chro¬ 
matin  remodeling  activity  had  been  shown 
to  act  synergistically  in  the  AR  and  ESRl 
systems  in  collaboration  with  the  AR  and 
ESRl  factors  themselves  (Metivier  et  al. 
2003;  Wang  et  al.  2005).  Here,  we  find 
evidence  for  a  chromatin  remodeling- 
coregulator  synergy  that  is  associated 
with  EOXAl  in  the  absence  of  ESRl  or  AR. 
Our  experiment  supports  the  hypothesis 
that  physiological  squelching  is  an  im¬ 
portant  mechanism  involved  in  the 
down-regulation  of  genes  at  early  time 
points  following  estrogen  treatment. 

According  to  our  current  under¬ 
standing,  DNase  I  hypersensitivity  occurs 
in  nucleosome  free  regions  that  are  close 
to  transcription  factor  binding  sites.  Al¬ 
though  we  do  observe  many  DHS  in  non- 
nucleosomal  DNA,  DHS  sites  sometimes 
occur  in  regions  having  high  nucleosome 
occupancy.  In  particular,  we  identified 
a  set  of  DHS  sites  that  were  associated  with 
ESRl  binding  to  nucleosomal  DNA.  The 
different  nucleosome  occupancy  and 
DNase  I  hypersensitivity  patterns  that  we 
observed  are  likely  dependent  on  not 
only  the  details  of  the  transcription  fac- 
tor-DNA  interaction  but  also  on  the 
chromatin  environment  at  the  binding 
site.  Relevant  aspects  of  the  chromatin 
environment  may  include  post-trans- 
lational  histone  modifications,  the  com¬ 
position  of  the  nucleosomes  themselves, 
and  the  presence  of  other  protein  com¬ 
plexes.  Histone  post-translational  modi¬ 
fications  may  influence  transcription 
factor  binding  by  enhancing  the  affinity 
of  transcription  factor  related  protein 
complexes  for  the  modified  histone  or 
by  reducing  the  affinity  of  the  histone 
octamer  for  DNA.  The  structure  of  the 
nucleosome  cores  may  also  determine 
nucleosomes  as  being  more  or  less  per¬ 
missive  to  transcription  factor  binding  as 
histones  that  constitute  nucleosomes 
come  in  variants,  such  as  H2A.Z,  that  have  been  reported  to  alter 
nucleosome  properties  (Jin  et  al.  2009). 

In  our  analysis  of  genome- wide  dynamic  DNase-seq,  we  noted 
three  important  factors  that  contribute  to  DNase  I  hypersensitivity. 
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First,  in  agreement  with  the  standard  view,  the  majority  of  DHS  sites 
occur  in  nucleosome-free  regions.  Second,  DHS  frequently  arises  as 
a  result  of  transcription  factor  binding;  however,  they  do  not  nec¬ 
essarily  occur  in  nucleosome-free  regions.  Third,  DHS  can  change 
with  the  addition  or  removal  of  cofactors.  We  demonstrated  that 
dynamic  DNase-seq  is  an  effective  and  informative  approach  that 
can  be  used  to  locate  enhancers  that  regulate  a  cell's  transcriptional 
response  to  stimuli. 

Methods 

Cell  line  and  culture  conditions 

The  prostate  cancer  cell  line  LNCaP  was  obtained  from  the  Amer¬ 
ican  Type  Culture  Collection.  LNCaP  cells  were  maintained  in 
RPMI  1640  medium  supplemented  with  10%  fetal  bovine  serum 
(FBS),  2  mM  glutamine,  100  U/mL  penicillin,  and  100  mg/mL 
streptomycin.  The  hormone-independent  breast  cancer  cell  line 
MCF-7:2A  and  the  parental  MCF-7  cell  line  were  from  V.  Craig 
Jordan's  lab.  MCF-7  cells  were  maintained  in  RPMI  1640  medium 
supplemented  with  10%  fetal  bovine  serum  (FBS),  2  mM  gluta¬ 
mine,  100  U/mL  penicillin,  100  mg/mL  streptomycin,  lx  NEAA, 
and  6  ixg/L  insulin.  MCF-7:2A  cells  were  maintained  in  phenol- 
red-free  RPMI  1640  medium  supplemented  with  10%  charcoal 
stripped  FBS.  LNCaP  and  MCF-7  cells  were  starved  in  phenol-red- 
free  medium  supplemented  with  10%  charcoal  stripped  FBS  for 
3  d  before  hormone  stimulation. 

CHIP  and  ChIP-seq 

The  Chip  experiments  were  performed  as  previously  described  (He 
et  al.  2010).  We  used  antibodies  to  ESRl  (Ab-10  from  Neomarkers; 
HC-20  from  Santa  Cruz),  AR  (N-20  from  Santa  Cruz),  FOXAl 
(ab23738  from  Abeam),  and  H3K4me2  (07-030  from  Millipore). 
Library  construction  was  performed  using  the  Illumina  ChIP-seq 
DNA  sample  Prep  Kit  according  to  the  manufacture's  instruction; 
the  libraries  were  sequenced  at  a  length  of  35  bp  with  the  Illumina 
Genome  Analyzer.  Model-based  Analysis  of  ChIP-seq  (MACS) 
software  (Zhang  et  al.  2008a)  was  used  to  detect  ChIP-seq  peak 
regions.  Nucleosome  Positioning  from  Sequencing  (NPS)  software 
(Zhang  et  al.  2008b)  was  used  to  identify  nucleosome  positions 
based  on  the  H3K4me2  ChIP-seq  data.  Binding  Inference  from 
Nucleosome  Occupancy  Changes  (BINOCh)  software  (Meyer  et  al. 
2011)  was  used  to  predict  transcription  factor  binding  events  from 
the  H3K4me2  NPS  data. 

DNase  hypersensitivity  mapping 

DNase  hypersensitivity  mapping  was  performed  as  previously  de¬ 
scribed  with  brief  modifications  (Ling  et  al.  2010;  John  et  al.  2011). 
LNCaP  cells  were  starved  for  3  d  in  phenol-red-free  medium  sup¬ 
plemented  with  10%  charcoal  stripped  FBS  and  then  treated  with 
ethanol  or  active  androgen  5a-dihydrotestosterone  (DHT)  at  a  fi¬ 
nal  concentration  of  10  nM  for  4  h.  MCF-7  cells  were  starved  the 
same  way  and  then  treated  with  ethanol  or  17p-estrodial  (E2)  at 
a  final  concentration  of  10  nM  for  45  min.  The  cells  were  trypsi- 
nized  and  pelleted  prior  to  washing  and  resuspension  in  buffer  A 
(15  mM  Tris-Cl  [pH  8.0],  15  mM  NaCl,  60  mM  KCl,  1  mM  EDTA 
[pH  8.0],  0.5  mM  EGTA  [pH  8.0],  0.5  mM  spermidine,  and  0.15  mM 
spermine)  to  a  final  concentration  of  2  X  10  M  cells/mL.  Nuclei 
were  extracted  by  adding  buffer  A  containing  NP-40.  The  nuclei 
were  washed  with  buffer  A  and  resuspended  in  prewarmed  lysis 
buffer  (13.5  mM  Tris-HCl  [pH  8.0],  87  mM  NaCl,  54  mM  KCl,  6  mM 
CaC12, 0.9  mM  EDTA,  0.45  mM  EGTA)  at  a  concentration  of  5  M/mL 
and  then  digested  with  different  amounts  of  DNase  I  (Roche,  0-75 


U)  for  5  min  at  37°C.  The  reactions  were  terminated  by  the  addition 
of  an  equal  volume  of  stop  buffer  (1  M  Tris-Cl  [pH  8.0],  5  M  NaCl, 
20%  SDS,  0.5  M  EDTA  [pH  8.0],  and  10  |jLg/mL  of  RNase  A  [Roche]) 
and  incubated  at  55°C.  After  15  min.  Proteinase  K  (final  concen¬ 
tration  of  20  |jLg/mL)  was  added  to  each  digestion  reaction  and 
incubated  for  2  h  at  55°C.  DNA  was  extracted  by  careful  phenol- 
chloroform  purification.  The  isolated  DNA  was  run  out  on  a  gel,  and 
DNA  fragments  between  100  and  400  bp  long  were  gel-selected.  The 
libraries  were  prepared  following  the  Illumina  library  preparation 
protocol.  DNase-seq  libraries  were  sequenced  at  the  Beijing  Geno¬ 
mic  Institute  and  the  Center  for  Cancer  Computational  Biology 
(CCCB)  at  the  Dana-Farber  Cancer  Institute. 

NCOA3  overexpression  experiments 

A  total  of  12  |jLg  of  pcDNA3.1-NCOA3  construct  or  the  control 
empty  vector  were  transfected  in  MCF-7  cells  in  10-cm  culture 
dishes  using  lipofectamine  2000  (Invitrogen)  according  to  the 
manufacturer's  instructions.  After  72  h  of  transfection,  cells  were 
treated  with  estrogen  or  ethanol  control  for  45  min  and  then 
processed  for  ChIP-qPCR.  For  RT-qPCR,  3  |jLg  of  the  pcDNA3.1- 
NCOA3  or  the  empty  vector  were  transfected  in  MCF-7  cells  in  six- 
well  plates.  After  72  h  of  transfection,  cells  were  treated  with  es¬ 
trogen  or  ethanol  control  for  3  h.  RNA  was  isolated  using  RNeasy 
mini  kit  (Qiagen)  following  the  manufacturer's  instructions.  PCR 
primers  used  in  this  work  are  listed  in  Supplemental  Table  1. 

Model  for  identifying  differential  DNase  I 
hypersensitivity  locations 

DNase  I  hypersensitive  regions  were  identified  using  MACS  with 
the  default  parameters.  A  tag  was  considered  to  belong  to  a  geno¬ 
mic  interval  if,  when  shifted  100  bp  in  a  strand-directed  direction, 
the  entire  tag  fell  within  that  interval.  Each  peak  /  from  the  set  of  m 
MACS  peaks  was  then  given  a  DHS  change  score  (ADHS)  by  the 
formula: 


In  this  formula,  rz,-  is  the  tag  count  in  a  600-bp  interval  cen¬ 
tered  on  the  /-th  MACS  peak.  The  superscripts  freut  and  control  refer 
to  the  hormone-stimulated  and  vehicle  conditions,  respectively. 
We  use  the  square  root  transformation  to  stabilize  the  variance  of 
the  score,  allowing  regions  with  high  counts  to  be  compared  with 
those  having  low  counts.  Peaks  within  1  kb  of  any  RefSeq  TSS  were 
excluded  from  all  analyses  so  as  not  to  confound  transcription 
factor  binding  effects  with  transcriptional  ones.  All  analyses  in¬ 
volving  motifs  enriched  in  the  peak  regions  were  identified  using 
the  BINOCh  motif  analysis  software. 

Precision  recall  analysis 

To  evaluate  the  ability  of  our  method  to  predict  TF  binding  we 
defined  a  set  of  bound  and  unbound  genomic  locations.  We  de¬ 
fined  the  bound  set  as  the  summits  of  MACS  peaks  determined 
from  ChIP-seq  data  and  located  >1  kb  from  the  nearest  RefSeq  TSS. 
To  define  the  unbound  set,  we  downloaded  a  file  of  "mappable"  ge¬ 
nomic  locations,  "wgEncodeCrgMapabilityAlign50mer.bw.gz"  from 
http://hgdownload.cse.ucsc.edu/goldenPath/hgl8/encodeDCC/ 
wgEncodeMapability/  and  selected  a  set  of  850,000  non-bound, 
non-TSS  sites  by  randomly  sampling  genomic  locations  that  had 
a  mappability  index  >0.9.  These  locations  were  filtered  to  not  lie 
within  1  kb  of  any  RefSeq  TSS,  TF  ChIP-seq  summit  or  other  ran¬ 
dom  location.  The  background  was  then  scaled  up  to  cover  2  Gb, 
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the  size  of  the  mappable  genome.  A  DHS  or  ChIP-seq  region  was 
considered  to  be  a  true  positive  if  its  center  was  within  250  bp  of 
a  TF  summit  and  a  false  positive  if  its  center  was  within  250  bp  of 
a  background  site.  For  motif  analysis  200  bp  from  the  center  of  the 
DHS  or  ChIP-seq  region  was  scanned  using  the  BINOCh  software 
(Meyer  et  al.  2011).  CENTIPEDE  predictions  (Pique-Regi  et  al. 
2011)  for  ESRl  binding  in  MCF-7  were  downloaded  from  http:// 
centipede.uchicago.edu/SimpleMulti/.  In  the  performance  eval¬ 
uation  CENTIPEDE  predictions  were  treated  the  same  way  as 
our  DHS  regions.  Since  the  result  we  retrieved  from  the  website 
contains  no  scoring  information  for  the  sites  predicted  by 
CENTIPEDE,  a  single  point  was  drawn  for  the  performance 
evaluation. 

DHS  boxplots 

Tag  counting  under  DHS  peaks  was  carried  out  as  before.  Peaks 
were  considered  to  be  overlapping  if  their  summits  were  within 
600  bp  of  each  other.  Box  plots  were  produced  using  R  with  default 
parameters.  The  outliers  beyond  the  whiskers  are  not  shown.  The 
P-values  were  calculated  using  the  Mann-Whitney  test. 

Gene  expression  data 

Affymetrix  U133  Plus  2.0  microarray  data  (GSE7868)  (Wang  et  al. 
2007)  in  ENCaP  cells  and  the  processed  GRO-seq  gene  expression 
data  (GSE27463)  (Hah  et  al.  2011)  in  MCF-7  cells  were  used  in  this 
study.  The  microarray  data  were  analyzed  using  the  RMA  algorithm 
(Irizarry  et  al.  2003)  using  a  custom  CDF  probe  (vll)  mapping  to 
the  RefSeq  genes  (Dai  et  al.  2005).  The  statistical  significance  was 
calculated  using  limma  software  (Smyth  and  Speed  2003). 

Data  access 

MCF-7  H3K4me2  ChIP-seq,  ENCaP,  and  MCF-7  DNase-seq  raw 
sequence  tags,  and  processed  bed  files  have  been  submitted  to  the 
NCBI  Gene  Expression  Omnibus  (GEO)  (http://www.ncbi.nlm.nih. 
gov/geo)  under  accession  number  GSE33216. 
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Target 

The  estrogen  receptor  (ER)  is  a  nuclear  receptor  whose  primary  activating  ligand  is  estrogen. 

The  ER  comprises  five  regions:  the  activating  region,  DNA  binding  domain,  hinge  domain,  ligand-binding 
domain,  and  the  C-terminus  region  (Figure  1).  There  exist  two  isoforms  of  ER,  ERa  and  ERp,  which  are 
encoded  by  different  genes,  on  different  chromosomes,  which  have  different  primary  structures.  The  ERa 
gene  is  located  on  chromosome  6,  and  encodes  a  595  amino  acid  protein  with  a  molecular  mass  of  about 
66  kD  (Couse  and  Korach  1999).  The  two  isoforms  also  seem  to  have  distinct  functions;  ERa  generally 
promotes  growth  while  ERp  can  inhibit  growth  in  some  tissues  (Deroo  and  Korach  2006)  (Figure  1).  The 
ratio  of  isoforms  differs  in  tissues  and  can  confer  tissue-specific  actions  of  ER  (Deroo  and  Korach  2006). 
This  ER  isoform  ratio  indicates  a  general  trend  in  growth  of  tumor  cells;  that  Is,  a  high  ERa/ERp  ratio  is 
associated  with  strong  proliferation,  while  the  inverse  ratio  correlates  with  low  levels  of  cellular 
proliferation  (Deroo  and  Korach  2006).  ERa  was  the  first  isoform  to  be  discovered,  and  is  the  one  to  be 
discussed  in  this  article,  as  it  mediates  most  of  the  physiological  responses  investigated  in  the  laboratory 
(Couse  and  Korach  1999). 

B  iology  of  the  target 

Belonging  to  the  nuclear  receptor  superfamily,  the  ER  resides  in  the  nucleus  to  bind  and  retain 
estrogens  that  have  diffused  through  the  cell  from  the  bloodstream  (Jordan  2009).  The  inactive  ER  is 
bound  to  heat  shock  proteins  that  dissociate  once  the  ligand  binds,  allowing  an  active  conformational 
change  to  occur  (Couse  and  Korach  1999).  When  the  estrogen  and  receptor  complex  is  formed,  it  binds 


to  estrogen  response  elements  (EREs),  and  coregulators  are  recruited  to  the  ER  complex  tethered  to  the 
promoter  region  of  a  target  gene.  Tissues  possess  unique  levels  of  the  258  known  nuclear  receptor 
coregulators  (Jordan  and  O’Malley  2007).  Nuclear  receptor  coregulator  recruitment  is  considered  the 
rate-limiting  factor  of  transcription  in  mammals,  making  the  arrival  of  coactivators  and/or  corepressors  at 
the  DNA  an  integral  step  in  the  regulation  or  control  of  ER  activity  (Jordan  and  O’Malley  2007). 

When  a  ligand  binds  to  the  ER,  a  conformational  change  occurs  to  the  receptor,  depending  on  the 
nature  of  the  ligand.  X-ray  crystallography  has  offered  a  detailed  look  into  the  structures  of  ligand-bound 
ER.  An  antagonistic  or  antiestrogenic  complex  will  prop  the  “jaws”  (Helix  12)  of  the  ER  open,  while  a 
planar  steroidal  estrogen  or  estrogenic  molecule  permit  the  “jaws”  of  the  receptor  to  close.  Estrogen 
response  elements  (EREs)  can  also  influence  ER  conformation,  thereby  causing  varied  recruitment  of 
coregulators  and  therefore  gene  function  (Jordan  and  O’Malley  2007). 

ER  bound  with  either  an  estrogen  or  antiestrogen  causes  coregulator  binding  based  on  the  ligand- 
receptor  complex  shape.  Many  varied  ligands  can  bind  to  the  ER,  as  many  varied  responses  can  occur; 
that  is,  gradient  levels  of  estrogenicity  or  antiestrogenicity  develop  due  to  recruitment  of  coactivators  or 
corepressors  based  on  receptor-ligand  conformation  (Jordan  2008).  Figure  1  summarizes  the  activation 
of  the  ER  through  its  signal  transduction  pathway  (Jordan  2006). 

Target  assessment 

The  ER  was  discovered  through  the  injection  of  [^Hjestradiol  into  immature  rats,  followed  by 
analysis  of  radioactivity  in  specific  tissues.  It  was  found  that  the  uterus  and  vagina,  estrogen  target 
tissues,  bound  and  retained  the  [^Hjestradiol,  while  organs  such  as  the  kidney  and  liver,  estrogen 
nontarget  tissues,  washed  out  the  radioactive  marker  (Jensen  and  Jordan  2003).  This  generated  the 
notion  that  perhaps  a  receptor  was  present  in  the  target  tissues,  allowing  the  ligand  to  induce  estrogen- 
associated  cellular  function  and  activity.  X-ray  crystallography  was  subsequently  used  to  visualize  ligand 
binding  to  the  purified  ER  protein  (Jensen  and  Jordan  2003). 

Clinically,  when  a  patient  presents  with  breast  cancer,  a  biopsy  of  the  breast  tissue  is  taken  and 
observed  under  a  microscope.  The  tissue  can  then  be  evaluated  for  the  presence  and  status  of  the  ER 
by  staining  with  a  monocolonal  antibody  against  the  ER  linked  to  a  fluorescent  or  radioactive  marker. 


This  immunohistochemistry  allows  the  pathologist  or  clinician  to  visualize  and  quantify  the  ER  level  in 
patients’  tumors,  a  critical  step  in  choosing  a  treatment  process  that  will  be  effective  for  that  certain  tumor 
phenotype.  If  the  biopsied  cells  do  not  present  ER,  the  tumor  is  termed  ER-negative;  if  they  do,  they  are 
termed  ER-positive.  Immunohistochemistry  is  also  used  to  evaluate  other  hormone  receptor  levels 
applicable  in  breast  cancer,  such  as  HER2  and  progesterone  receptor  (PR). 

Role  of  the  target  in  cancer 
8 


High  level  overview 

The  ER  became  the  first  successful  major  target  for  cancer  therapy  (Jordan  2007),  but  its  role  in 
cancer  treatment  began  as  a  marker  in  a  diagnostic  test  to  predict  whether  endocrine  ablation,  such  as 
oophorectomy,  would  be  of  value  to  the  patient  (McGuire  1973).  The  assay  indicated  whether  the 
patient’s  tumor  was  ER-positive,  therefore  likely  responsive  to  estrogen  withdrawal  (Deroo  and  Korach 
2006;  Jensen  and  Jordan  2003;  Jordan  2009).  ER-negative  breast  cancer  tumors  do  not  respond  to 
hormonal  therapy  because  there  is  no  ER  present  by  which  cellular  functions  and  replication  can  be 
modulated  (McGuire  1973). 

The  ER  is  considered  the  first  drug  target  for  the  treatment  of  breast  cancer.  Although 
physiologic  estrogen  has  been  shown  to  stimulate  growth  of  breast  cancer,  counterintuitively,  high-dose 
estrogen  therapy  was  successfully  used  as  the  first  chemical  cancer  therapy  (Haddow  et  al.  1944). 
Because  the  ER  has  the  capacity  to  be  modulated,  selective  estrogen  receptor  modulators  (SERMs)  such 
as  raloxifene  and  tamoxifen  were  recognized  to  be  useful  in  the  clinic  for  targeted  ER  agonism  and 
antagonism.  By  targeting  the  ER  with  drugs  like  tamoxifen,  patients  gain  a  survival  advantage  from 
breast  cancer.  This  ER-directed  therapy  increases  the  likelihood  of  survival,  thus  demonstrating  the 
efficacy  of  ER  as  a  major  therapeutic  target  in  the  breast  tumor. 

Diagnostic,  prognostic,  predictive 

The  ER  is  used  in  clinical  diagnostics  to  determine  what  breast  cancer  phenotype  the  patient 
presents.  An  ER-positive  breast  tumor  indicates  the  presence  of  ER  in  the  tissue,  and  is  one  facet  used 


to  describe  and  diagnose  the  disease.  Further,  ER-positive  tumors  generally  represent  a  better  prognosis 
since  it  is  predicted,  reasoned,  and  demonstrated  that  ER-positive  tumors  will  respond  to  hormone 
therapy. 

Therapeutics 

Many  therapeutics  have  been  proposed  and  developed  based  on  the  mechanism  of  blocking  ER 
action  in  breast  cancer  cells.  Since  the  fate  of  the  ER-mediated  gene  expression  relies  on  the 
recruitment  of  coactivators  and/or  corepressors,  it  follows  that  the  ER  action  can  be  altered  by  the 
presence  or  absence  of  coregulators.  SERMs  catalyze  the  tissue-specific  modulation  of  the  ER  (Jordan 
2004).  SERMs  bind  to  the  ER,  causing  a  conformational  change  in  the  receptor,  thereby  influencing  what 
coregulators  are  recruited  to  the  DNA.  This  process  also  depends  on  the  presence  and  level  of 
coactivators  and  corepressors  in  the  tissue  of  interest,  and  the  response  elements  to  which  the  ligand- 
bound  ER  complex  binds  (Deroo  and  Korach  2006).  Figure  2  details  an  ideal  SERM  (Jordan  2004). 

SERMs  are  neither  purely  antagonists  or  agonists,  but  a  mixed  complex  generating  partial 
agonism  and  partial  antagonism  when  ER-bound.  In  other  words,  the  conformation  the  receptor  forms 
when  bound  to  a  SERM  has  mixed  affinity  for  coactivators  and  corepressors.  With  that  thought,  it  is 
logical  that  concentrations  of  the  coregulators  in  the  physical  context  of  the  receptor  is  of  critical 
importance  in  determining  gene  function  (Jordan  and  O’Malley  2007).  Tissue-specific  SERM  actions  are 
not  only  regulated  by  coregulators,  but  also  other  elements  include  receptor  isoform  subtypes,  ERE  DNA 
sequences,  and  the  turnover  of  the  ER  complex  (Jordan  and  O’Malley  2007)  (Figure  1). 


Pre-clinical  summary 

Initial  pre-clinical  animal  studies,  as  early  as  1900,  investigated  ER  knock-out  mice  to 
investigate  endocrine  ablation  therapy  (Couse  and  Korach  1999).  These  studies  began  to  illustrate 
the  effects  and  actions  which  require  genomic  ER  function.  Other  pre-clinical  studies  illustrated  the 
correlation  between  breast  tumorigenesis  and  duration  of  lifetime  estrogen  exposure  (Couse  and 
Korach  1999). 


Important  present  pre-clinical  investigation  focuses  on  the  resistance  that  can  occur  with  the 


current  clinical  therapy.  Acquired  resistance  is  considered  to  be  a  major  concern  that  limits  the 
effectiveness  of  long-term  antihormonal  therapy.  Athymic  mouse  (immune  deficient)  studies  show  that 
ER-positive  PR-positive  tumors  treated  at  length  with  tamoxifen  will  eventually  grow  when  treated  with 
either  estradiol  or  tamoxifen.  Long-term  SERM  therapy  induces  a  profound  change  in  the  signal 
transduction  of  breast  cancer  cells  from  estrogen-stimulated  growth  to  SERM-stimulated  growth  (Jordan 
2008).  After  extended  antihormone  therapy  for  many  years,  estrogen,  once  a  breast  cancer  tumor  growth 
enhancer,  remarkably  becomes  an  apoptotic  trigger.  This  clinical  and  laboratory  observation  is  seemingly 
counterintuitive,  since  it  is  established  that  oophorectomy  can  prevent  tumors  and  estrogen  can  enhance 
tumor  growth  in  the  laboratory  (Jordan  2004).  The  “estrogen  paradox”  is  under  intense  investigation  in 
the  laboratory  to  facilitate  effective  translation  to  clinical  practice  (Jordan  2008).  It  had  been  established 
in  1944  that  high-dose  estrogen  therapy  could  cause  regression  of  some  breast  tumors  in  post¬ 
menopausal  patients,  a  then  perplexing  paradox  (Haddow  et  al.  1944).  This  pioneering  use  of  high-dose 
estrogen,  the  first  clinical  therapy  to  treat  any  cancer,  could  not  be  explained  at  the  time  but  now  supports 
the  principle  behind  the  “estrogen  paradox.”  In  normal  physiological  pre-menopausal  breast  cancer 
environment,  the  ligand-bound  ER  promotes  tumor  growth.  When  this  environment  is  deprived  of 
estrogen  for  a  prolonged  period  of  time,  whether  it  be  through  use  of  SERMs  or  decades  after 
menopause,  drug  resistance  develops,  and  estrogen  eventually  triggers  cellular  apoptosis  in  the  long¬ 
term  surviving  estrogen-deprived  tumor  cells  (Jordan  2008).  Pre-clinical  laboratory  investigation 
continues  to  focus  on  elucidation  of  acquired  SERM  resistance  and  estrogen-induced  apoptosis. 


Clinical  summary 

Though  radiation  and  chemotherapy  are  also  widely  used  in  the  clinic,  hormonal  therapy  is  the 
treatment  most  relevant  to  the  ER.  ER-positive  breast  cancer  accounts  for  about  70%  of  all  breast  tumors 
(Masood  1992).  Studies  show  that  estrogen  causes  growth  and  proliferation  of  ER-positive  breast  cancer 
cells.  Tamoxifen,  a  SERM,  acts  as  an  antagonist  of  the  ER  in  breast  tissue,  allowing  it  to  block 
estrogenic  action  in  breast  cancer  cells,  therefore  providing  effective  therapy.  Tamoxifen  exhibits 


estrogen-like  (agonist  action)  in  bone  and  the  uterus  (Deroo  and  Korach  2006).  Nevertheless,  tamoxifen 
has  had  widespread  and  pioneering  success,  saving  hundreds  of  thousands  of  lives  by  treating  breast 
cancer  and  becoming  the  pioneering  medicine  for  the  prevention  of  any  cancer  (Jordan  and  O’Malley 
2007).  Long-term  adjuvant  therapy  targeted  the  breast  ER  specifically,  and  tamoxifen  became  the  first 
drug  approved  to  successfully  treat  high-risk  pre-  and  post-menopausal  patients.  Tamoxifen  was  also 
found  to  inhibit  the  formation  of  contralateral  primary  breast  cancer.  However,  this  medicine  started  life 
as  a  failed  contraceptive  that  was  reinvented  as  the  “gold  standard”  for  the  treatment  of  breast  cancer. 
Unfortunately,  the  SERM  effect  of  tamoxifen  is  evidenced  by  a  small  but  significant  increase  in  the 
incidence  of  endometrial  cancer  in  post-menopausal  women.  This  is  an  estrogen-like  effect  in  the  uterus 
which  limits  its  use  as  a  chemopreventive  for  breast  cancer  in  post-menopausal  women  at  high-risk. 

In  order  to  carry  out  its  functions,  tamoxifen  must  be  converted,  by  the  CYP2D6  enzyme  system,  to 
endoxifen.  If  any  component  of  the  enzyme  system  is  mutated  or  functionally  inactivated,  tamoxifen 
resistance  can  occur.  Further,  some  ER-positive  breast  cancer  cells  are  intrinsically  resistant  to 
tamoxifen,  perhaps  dependent  on  the  presence  or  absence  of  other  receptors,  such  as  progesterone 
receptor  (PR)  or  HER-2/neu  (Jordan  and  O’Malley  2007). 

Selective  serotonin  reuptake  inhibitors  (SSRIs)  are  used  to  lessen  menopausal  symptoms  such  as 
hot  flashes  that  can  occur  during  treatment  with  tamoxifen.  However,  paroxetine  and  fluoxetine,  two 
SSRIs,  block  tamoxifen’s  conversion  to  its  active  metabolite,  endoxifen,  thereby  nullifying  the  drug. 
Fortunately,  venlafaxine,  a  serotonin-norepinephrine  reuptake  inhibitor  (SNRI),  does  not  block  CYP2D6 
from  metabolizing  tamoxifen  to  endoxifen  and  can  be  taken  simultaneously  with  tamoxifen  to  prevent  hot 
flashes  (Jordan  2009). 

Raloxifene,  previously  known  as  keoxifene  or  LY1 26758,  is  another  SERM  structurally  similar  to 
tamoxifen.  It  began  development  as  a  potential  breast  cancer  drug  but  because  of  its  low  bioavailability 
and  cross-resistance  with  tamoxifen  was  subsequently  found  to  be  better  suited  for  reduction  of 
osteoporosis  incidence  with  the  prevention  of  breast  cancer  as  a  beneficial  side  effect  (Jordan  2009). 
Raloxifene  became  an  effective  long-term  drug  therapy  for  treatment  and  prevention  of  osteoporosis  for 
women  at  risk  with  the  benefit  of  reducing  the  incidence  of  breast  cancer  (Cummings  et  al.  1999). 
Additionally,  raloxifene  is  available  with  FDA  approval  to  reduce  breast  cancer  Incidence  in  post- 


menopausal  women  at  risk  for  developing  the  disease  (Vogel  et  al.  2010).  Raloxifene  does  not  increase 
the  incidence  of  endometrial  cancer.  A  new  SERM,  lasofoxifene,  is  lOOx  more  potent  than  raloxifene  for 
the  treatment  and  prevention  of  osteoporosis.  Its  beneficial  side  effects  are  a  reduction  of  strokes,  breast 
cancer,  endometrial  cancer,  and  coronary  heart  disease  (Cummings  et  al.  2010). 

Other  than  SERMs,  another  way  that  the  ER  activity  can  be  modified  is  by  limiting  the  availability  of 
the  activating  ligand,  estrogen.  Aromatase  inhibitors  block  the  aromatase  enzyme  either  competitively  or 
as  suicide  inhibitors.  This  prevents  the  conversion  of  androgen  to  estrogen,  therefore  blocking  estrogen 
production  (Deroo  and  Korach  2006). 

Patients  with  ER-positive  breast  cancer  respond  effectively  to  treatment  with  SERMs  and 
aromatase  inhibitors;  these  therapies  are  used  routinely  in  the  clinic.  ICI  182,780,  also  known  as 
fulvestrant,  is  a  pure  antiestrogen  that  enhances  ER  protein  destruction  and  is  used  as  a  second-line 
therapy  after  acquired  resistance  occurs  with  tamoxifen  or  aromatase  inhibitors  (Jordan  2009). 

Long-term  treatment  of  ER-positive  breast  cancer  patients  with  tamoxifen  is  the  standard-of-care 
for  pre-menopausal  women.  Alternatively,  the  majority  of  post-menopausal  patients  receive  aromatase 
inhibitors  instead  of  tamoxifen  since  it  causes  fewer  side  effects  while  still  preventing  estrogenic  action 
(Jordan  2008). 

Anticipated  high-impact  results  (bullet  points  of  anticipated  data) 

•  Personalized  targeted  therapy  for  ERh-  breast  tumors 

•  Elucidation  of  mechanism  of  SERM  resistance 

•  Therapy  to  prevent  resistance  to  SERMs 

•  Therapy  to  exploit  estrogen-induced  apoptosis 

The  application  of  the  ER  as  a  cancer  therapeutic  target  continues  to  offer  promise  in  laboratory 
science  and  for  the  benefit  of  patients  worldwide.  Past  scientific  discoveries  involving  ER  modulation 
have  laid  the  foundation  for  other  hormonal  receptors  and  their  applicable  cancer  therapy  and/or 
prevention.  The  defining  principles  drawn  from  the  targeting  in  breast  cancers  are  already  being  applied 
to  the  androgen  receptor  (AR)  and  the  treatment  of  prostate  cancer  (Chen  et  al.  2005).  In  the  future,  the 


therapeutic  targeting  of  the  hormone  receptor  superfamily  will  have  profound  impact  on  cancer  medicine. 
Investigation  continues  in  this  field  to  optimally  exploit  the  expressed  biology  in  breast  tumors. 


Cross-references 
DNA,  PR,  AR 


(insert  Figurel  here) 

Figure  1 .  The  potential  decision  network  in  estrogen  target  tissues  that  could  program  a  ligand  receptor 
complex  to  activate  estrogenic  or  antiestrogenic  responses.  There  are  two  distinct  estrogen  receptors 
(ERs)  (alpha  and  beta)  that  are  differentially  distributed  throughout  the  body.  The  shape  of  the  ligand  can 
change  the  shape  of  the  receptor  complex.  This  is  turn  preprograms  the  complex  to  bind  either  a  co¬ 
activator  or  co-repressor  protein  to  enhance  the  intrinsic  activity  of  the  complex  for  estrogenic  responses 
or  reduces  intrinsic  activity  for  antiestrogenic  responses,  respectively.  The  final  decision  point  is  to 
activate  or  suppress  genes  directly  at  DNA  estrogen  response  elements  (ERE)  or  tether  the  AP-1  sites  to 
increase  gene  transcription.  Overall,  a  tissue  can  modify  the  decision  network  through  cell  surface 
receptor  tyrosine  kinases  (RTK)  enhancing  the  phosphorylation  cascade.  This  in  turn  can  increase 
phosphorylation  of  coactivators  or  the  ER.  The  balance  of  decision  outcomes  modulates  the  response  of 
a  particular  tissue. 

Reprinted  from  British  Journal  of  Pharmacology,  Volume  147,  V.  Craig  Jordan,  Tamoxifen  (1C  146,474)  as  a  targeted 
therapy  to  treat  and  prevent  breast  cancer,  p.  S269-S  276,  Copyright  (2006),  with  permission  from  John  Wiley  and 
Sons. 


(insert  Figure2  here) 

Figure  2.  Progress  toward  an  ideal  SERM.  The  overall  good  or  bad  aspects  of  administering  hormone 
replacement  therapy  to  postmenopausal  women  compared  with  the  observed  site-specific  actions  of  the 
selective  estrogen  receptor  modulators  (SERMs)  tamoxifen  and  raloxifene.  The  known  beneficial  or 
negative  actions  of  SERMs  have  opened  the  door  for  drug  discovery  to  create  the  ideal  SERM  or  targeted 
SERMs  to  either  improve  quality  of  life  or  prevent  diseases  associated  with  aging  in  women. 

Reprinted  from  Cancer  Cell,  Vol  5,  Issue  3,  V.  Craig  Jordan,  Selective  estrogen  receptor  modulation:  Conceptand 
consequences  in  cancer,  p.  207-213,  Copyright  (2004),  with  permission  from  E  Isevier. 
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Introduction 


The  idea  of  the  prevention  of  breast  eaneer  is  not  new,  but  signifieant 
praetieal  progress  has  been  made,  through  translational  researeh,  to  make  the 
idea  feasible  in  some  women.  It  is  now  possible  to  reduee  the  incidenee  of 
breast  eaneer  through  the  inhibition  of  oestrogen  aetion. 

Professor  Antoine  Laeassagne^  stated  a  vision  for  the  prevention  of 
breast  eaneer  at  the  annual  meeting  of  the  Ameriean  Assoeiation  of  Caneer 
Researeh  in  Boston  in  1936. 

‘‘"If  one  accepts  the  consideration  of  adenocarcinoma  of  the  breast  as 
the  consequence  of  a  special  hereditary  sensibility  to  the  proliferative  actions 
of  oestrone,  one  is  led  to  imagine  a  therapeutic  preventative  for  subjects 
predisposed  by  their  heredity  to  this  cancer.  It  would  consist  -perhaps  in  the 
very  near  future  when  the  knowledge  and  use  of  hormones  will  be  better 
understood  -  in  the  suitable  use  of  a  hormone  antagonistic  or  excretory,  to 
prevent  the  stagnation  of  oestrone  in  the  ducts  of  the  breast.  “ 

But  no  agent  that  was  “antagonistie  to  prevent  the  stagnation  of 
oestrone  in  the  breast”  was  available  to  the  elinieian  for  elinieal  trial  until 
tamoxifen^’  Tamoxifen  (Fig.  1)  beeame  the  “antioestrogen”  of  ehoiee 
beeause  a)  there  was  a  large  body  of  basic  biological  evidence  that  this  was  a 
valid  hypothesis  to  test  b)  tamoxifen  was  noted  to  reduce  the  incidence  of 
contralateral  breast  cancer  when  used  as  an  adjuvant  therapy  to  treat 
micrometastases  from  the  original  primary  tumour  and  most  importantly  c) 
there  was  a  huge  and  expanding  clinical  experience  with  tamoxifen  as  a  long 
term  treatment  for  node  positive  and  node  negative  breast  cancer.  The  later 
point  was  important  as  the  majority  of  patients  with  oestrogen  receptor  (ER) 
positive  node  negative  breast  cancers  are  cured  by  surgery  (plus  radiation) 
alone  so  5  years  of  adjuvant  tamoxifen  was  essentially  being  used  in  the 
majority  of  “well  women”'^’^. 

In  this  chapter,  the  changing  fashions  in  endocrine  chemoprevention 
will  be  described.  The  change  in  fashion  occurred  because  of  significant 
advances  in  our  understanding  of  the  pharmacology  of  the  drug  group  the 
“nonsteroidal  antioestrogens”^  that  underwent  a  metamorphosis  in  the  mid 
1980’s  to  become  the  new  drug  group  the  selective  ER  modulators 
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(SERMs)^’  This  laboratory  work  on  SERM  action  and  the  finding  that 
antihormone  resistanee  in  breast  eaneer  is  not  statie  but  evolves^^’ 
ultimately  led  to  a  discovery  (rediscovery?)  of  a  new  biology  of  oestrogen 
aetion  -  oestrogen-induced  apoptosis  .  Remarkably,  this  eonversation 
between  the  laboratory  and  the  elinical  research  community  now  provides  a 
faseinating  insight  into  a  paradoxical  clinical  finding  in  the  Women’s  Health 
Initiative  (WHI)  trial  of  eonjugated  equine  estrogen  (CEE)  alone  in 
hystereetomized  postmenopausal  women  in  their  late  60 ’s.  Sinee  dogma 
dietates  that  oestradiol  is  the  survival  signal  that  fuels  breast  eaneer  eell 
replieation,  the  WHI  trial  unexpeetedly  noted  a  signifieant  deerease  in  the 
ineidence  of  breast  eaneer  during  CEE  treatment  and  for  the  6  years  after 
treatment  stops  (eumulative  annualized  incidenee  of  151  invasive  breast 
eancers  with  CEE  treatment  as  opposed  to  199  invasive  breast  caneers  with 
placebo)  .  These  data  might  provide  a  starting  point  for  eonsideration  of 
oestrogen-indueed  apoptosis  as  a  chemoprevention  strategy  in  the  future. 


A 


The  Link  between  Oestrogen  and  Breast  Cancer 

The  topie  has  reeently  been  reviewed^'^  in  the  refereed  researeh 
literature  so  only  essential  faets  will  be  eonsidered  here.  The  link  between 
oestrogen  aetion  for  breast  eaneer  growth,  the  original  tumour,  ER,  and  5 
years  of  adjuvant  tamoxifen  therapy  to  bloek  tumour  growth  is  eompelling 
and  proven  in  randomized  elinical  trials^^.  The  findings  can  be  simply 
summarized:  breast  tumours  that  are  ER  negative  do  not  respond  to 
tamoxifen  treatment,  tamoxifen  dramatically  reduces  recurrence  and 
mortality  during  5  years  of  treatment  for  patients  with  ER  positive  breast 
eaneer,  and  this  is  maintained  for  at  least  1 5  years  following  eompletion  of 
therapy.  Tamoxifen  reduees  the  ineidenee  of  eontralateral  breast  eaneer  by 
50%  and  this  is  sustained  but  tamoxifen  also  inereases  the  ineidenee  of 
endometrial  eaneer  in  postmenopausal  women  (and  mortality).  The  negative 
actions  of  adjuvant  tamoxifen,  sueh  as  deaths  from  endometrial  eaneer  or 
thromboembolic  disease,  do  not  affeet  the  overall  benefit  of  treatment^  ^  but 
do  impaet  on  the  use  of  tamoxifen  for  ehemoprevention.  Profound  target  site 
speeific  aetions  of  tamoxifen  on  the  uterus  in  the  reeent  overview^^ 
reeapitulate  and  eonfirm  the  translational  researeh  with  tamoxifen  eompleted 
in  the  1980’s^^’  ^^with  the  reeognition  of  a  small  but  signifieant  inerease  in  the 
ineidenee  of  endometrial  eaneer  in  postmenopausal  women  treated  with 
tamoxifen.  This  finding  eventually  resulted  in  the  paradigm  shift  away  from 
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tamoxifen  to  new  opportunities  but  this  advanees  our  story  too  quiekly.  In  the 
1980’s  tamoxifen  was  the  only  medieine  available  for  testing  therapeutie  and 
chemopreventive  strategies  with  SERMs  in  the  1990’s.  The  clinieal 
community  advanced  with  a  responsibility  to  weigh  risks  and  benefits  in 
clinical  trials  to  ensure  the  safety  and  long  term  health  of  women  at  risk  for 
breast  cancer. 

The  treatment  trials  data  base  and  translational  research  were  essential 
to  address  the  hypothesis  that  tamoxifen,  a  nonsteroidal  antioestrogen,  could 
effectively  block  the  genesis  and  growth  of  ER  positive  breast  cancer  but 
would  be  ineffective  against  the  growth  of  ER  negative  disease.  Nevertheless 
in  the  1980’s  oestrogen  was  also  considered  to  be  an  essential  component  of 
women’s  health  by  maintaining  bone  density  and  preventing  coronary  heart 
disease.  Thus,  if  tamoxifen,  an  antioestrogen,  prevented  the  development  and 
growth  of  ER  positive  breast  cancer  in  half  a  dozen  high  risk  women  per  year 
per  thousand^^,  hundreds  of  other  women  in  the  selected  population  might 
subsequently  develop  osteoporosis  and  coronary  heart  disease.  The 
intervention  with  tamoxifen  would  be  detrimental  to  public  health.  The  good 
news  was  tamoxifen  was  not  an  antioestrogen  everywhere  it  was  the  lead 
compound  of  the  drug  group  that  selectively  modulated  ER  target  tissues 
around  the  body.  This  discovery  ultimately  facilitated  the  development  of  a 
new  strategy  for  the  utilization  of  new  SERMs  as  chemopreventives  in  breast 
cancer. 

^  SERM  action  in  the  laboratory 

The  original  work  to  investigate  the  target  site  pharmacology  of 
tamoxifen  in  the  laboratory  was  to  provide  a  database  with  which  to  predict 
clinical  outcomes  and  safety  for  future  chemoprevention  trials.  Historically  in 
the  1960’s  there  was  general  interest  in  the  chance  finding  that  nonsteroidal 
antioestrogens  lowered  circulating  cholesterol.  Unfortunately  severe 
toxicological  findings  were  an  issue  for  some  compounds  because  of  their 
ability  to  increase  the  level  of  circulatory  desmosterol,  which  was  associated 
with  cataract  formation.  This  toxicity  made  a  search  for  safer  antioestrogens 
imperative^.  The  discovery  of  ICI  46,474  (Fig.  1),  the  pure  trans  isomer  of  the 
substituted  triphenylethylene  that  was  to  become  tamoxifen,  was  notable 
because  there  was  a  low  conversion  to  desmosterol  though  circulating 
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cholesterol  was  lowered  profoundly  in  rats^^.  Indeed  the  first  patent 
application  for  tamoxifen  in  the  U.K.  stated  in  1965, 

"‘■The  alkene  derivatives  of  the  invention  are  useful  for  the  modification 
of  the  endocrine  status  in  man  and  animals  and  they  may  be  useful  for  the 
control  of  hormone-dependent  tumours  or  for  the  management  of  the  sexual 
cycle  and  aberrations  thereof  They  also  have  useful  hypocholesterolaemic 
activity"". 

However,  the  patent  was  denied  in  the  U.S.  and  the  statements 
concerning  breast  cancer  had  to  be  removed  initially  as  the  claim  was 
considered  to  be  “fantastic”  and  without  experimental  evidence.  The  patent 
for  tamoxifen  in  the  United  States  was  finally  awarded  in  1986  just  at  the 
time  that  the  National  Caneer  Institute  reeommended  adjuvant  tamoxifen  as 
the  standard  of  care  for  patients  with  ER  positive  breast  cancer  . 

Parenthetically,  all  studies  conducted  in  my  laboratory  during  the 
1970’s  and  1980’s  on  the  applieation  of  tamoxifen  for  the  treatment  and 
prevention  of  breast  caneer  in  the  U.S.  and  England  were  at  a  time  of  no 
patent  protection  in  the  U.S.  No  other  company  exploited  the  findings  as  no 
one  cared  because  it  was  unlikely  to  be  a  successful  therapeutic  strategy! 

During  the  1980s  the  Wisconsin  Tamoxifen  study  followed  up  the 
question  of  tamoxifen  treatment  lowering  eireulating  eholesterol  in 
postmenopausal  patients^^’^^  and  noted  a  deerease  in  low  density  lipoprotein 
cholesterol  but  no  effect  on  high  density  lipoprotein  cholesterol.  There  was 
certainly  some  initial  enthusiasm  that  there  would  be  a  significant  decrease  in 
coronary  heart  disease  but  despite  some  encouraging  reports  '  no  consistent 
decrease  in  coronary  events  has  been  noted  in  the  Oxford  Overview  Analysis 
for  tamoxifen  treatment. 

Tamoxifen  maintains  bone  density  in  ovarieetomized  rats^^’^^  and  this 
counterintuitive  laboratory  result  for  an  “antioestrogen”  formed  the  seientifie 
basis  for  the  Wisconsin  Tamoxifen  Study.  The  clinical  study  was  a  placebo 
controlled  double  blind  trial  to  establish  the  actions  of  2  years  tamoxifen  on 
bone  density  in  post-menopausal  patients  with  node  negative  breast  cancer  (at 
the  time  of  recruitment,  these  patients  were  several  years  post  diagnosis  and 
surgery  and  no  adjuvant  treatment  was  the  standard  of  care).  Tamoxifen 
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significantly  improved  bone  density  compared  to  placebo  treatment  . 
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Thus  tamoxifen  was  oestrogen-like,  lowering  eireulating  eholesterol 
and  oestrogen-like,  maintaining  bone  density  so  tamoxifen  might  provide 
benefit  for  women  enrolled  in  a  ehemoprevention  trial.  The  antieancer  aetions 
of  tamoxifen  were  well  established  and  supported  by  the  inhibition  of 
mammary  carcinogenesis  in  rat  ’  and  mouse  models.  But  an  increase  in 
the  incidence  in  endometrial  cancer  was  a  predictable  concern,  based  on 
earlier  work^^’  before  major  clinical  trials  of  ehemoprevention  in  breast 
cancer  started.  Also  the  finding  that  tamoxifen  was  a  hepatocarcinogen  in 
specific  rat  strains^^  was  of  significance  toxicologically  for  safety  reasons  in 
any  chemopreventive  trials  ,  however,  it  is  fair  to  say  that  no  evidence  either 
at  that  time^'^’  or  subsequently  has  demonstrated  hepatocarcinogenesis  in 
humans  with  tamoxifen. 

The  first  pilot  ehemoprevention  study  was  initiated  by  Trevor  Powles  at 
the  Royal  Marsden  Hospital  in  the  early  1980’s  .  This  study  grew  over  the 
years  of  accrual  and  interestingly  showed  benefit  at  20  years  for  those  women 
taking  tamoxifen  for  8  years  following  recruitment^^.  However,  the  pivotal 
ehemoprevention  study  was  the  Fisher  P-1  study  (Fig.  2)  conducted  by  the 
National  Surgical  Advent  Breast  and  Bowel  Project  (NSABP)^^.  This 
landmark  study  was  an  adequately  powered  prospective,  placebo  controlled 
trial  primarily  used  by  the  Food  and  Drug  Administration  as  evidence  to 
approve  tamoxifen  for  the  reduction  of  risk  of  breast  cancer  in  pre  and  post¬ 
menopausal  women  at  high  risk  for  the  disease. ' 

There  are  significant  benefits  for  women  at  risk  for  breast  cancer  nested 
within  the  results  of  the  P-1  prevention  trial  during  treatment  with  tamoxifen. 
There  were  fewer  fractures  but  this  was  not  significant  overall.  Tamoxifen 
reduces  ER  positive  invasive  breast  cancer  incidence  by  50%  and  the  same  is 
true  for  ductal  carcinoma  in  situ  (DCIS)  .  Benefits  in  breast 
ehemoprevention  last  for  years  following  the  cessation  of  treatment^^  and  this 
has  been  confirmed  by  others'^^.  This  is  clearly  a  consistent  long  term 
“antitumour  action”  of  tamoxifen  imprinted  following  therapy  as  noted  by  the 
sustained  antitumour  effect  of  tamoxifen  following  adjuvant  treatment^^’'^^ 
We  will  comment  further  on  the  new  concept  of  “imprinting”  further  in  the 
SERM  summary. 

Despite  extensive  testing,  tamoxifen  is  seen  as  presenting  the  well 
woman  with  significant  risks  such  as  endometrial  cancer  and  blood  clots  (it 
must  be  stressed  only  in  postmenopausal  women)  ^^(Fig.3).  There  is  also  the 
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nagging  concern  about  rat  hepatocarcinoma.  Tamoxifen  has  a  human 
carcinogen  blaek  box  designation  in  the  U.S.  With  all  these  uneertainties 
clearly  another  strategy  for  chemoprevention  was  necessary  for  an 
appropriate  science  based  advance  in  public  health.  This  was  obvious  even 
before  the  NSABP  trial  had  been  launched  in  the  early  1990’s  ^^but 
tamoxifen  was  the  only  medicine  available  with  sufficient  clinical  trials 
experience  to  move  forward  into  chemoprevention.  Nevertheless,  the 
recognition  of  SERMs  in  the  laboratory^  also  eatalyzed  a  change  in  the 
development  of  another  nonsteroidal  antioestrogen  keoxifene  (Fig.  1). 
Keoxifene  was  initially  investigated  in  the  1980s  as  a  competitor  for 
tamoxifen  as  a  breast  cancer  drug  but  which  failed  to  advance  in  development 
as  it  failed  in  clinical  trial  .  Surprisingly,  keoxifene  also  maintained  bone 
density  in  rats  similar  to  tamoxifen  but  was  significantly  less  uterotrophic 
than  tamoxifen^^’"^^.  This  would  later  translate  to  a  reduced  risk  of  endometrial 
caneer  in  all  subsequent  clinieal  trials.  The  name  was  changed  from 
keoxifene  to  raloxifene  (Fig.  1). 


A 


Keoxifene  prevented  mammary  cancer  in  rats  but  because  of  poor 
pharmacokinetics  and  rapid  excretion  keoxifene  does  not  have  the  sustained 
actions  of  tamoxifen^ \  Continuous  therapy  was  necessary.  Thus  the  scene 
was  set  for  a  move  away  from  a  broad  therapeutie  strategy  with  tamoxifen 
administered  to  high  risk  populations  where  a  few  ER  positive  invasive  breast 
caneers  ean  be  prevented  but  the  majority  of  women  are  exposed  to  side 
effects  with  no  benefit  to  balance  the  risks.  In  response,  a  “roadmap”  was 
created  based  on  laboratory  science  and  the  emerging  clinical  trial  data  that 
would  significantly  advance  women’s  health. 

A  plan  to  use  SERMS  to  prevent  multiple  diseases  in  women 

A  plan  to  prevent  breast  cancer  as  a  public  health  initiative  was  initially 
described  at  the  First  International  Chemoprevention  meeting  in  New  York  in 
1987'^'^.  It  is  reasonable  simply  to  state  the  proposal,  published  from  the  1987 
meeting'^'^  and  subsequently  refined  and  presented  again  at  the  annual  meeting 
of  the  Ameriean  Assoeiation  for  Cancer  Research  in  San  Francisco  in  1989^. 
‘TAe  majority  of  breast  cancer  occurs  unexpectedly  and  from  unknown 
origin.  Great  efforts  are  being  focused  on  the  identification  of  a  population  of 
high-risk  women  to  test  “chemopreventive  ”  agents.  But,  are  resources  being 
used  less  than  optimally?  An  alternative  would  be  to  seize  on  the  developing 
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clues  provided  by  an  extensive  elinical  investigation  of  available 
antioestrogens.  Could  analogues  be  developed  to  treat  osteoporosis  or  even 
retard  the  development  of  atherosclerosis?  If  this  proved  to  be  true,  then  a 
majority  of  women  in  general  would  be  treated  for  these  conditions  as  soon 
as  menopause  occurred.  Should  the  agent  also  retain  anti-breast  tumour 
actions,  then  it  might  be  expected  to  act  as  a  chemosuppressive  on  all 
developing  breast  eancers  if  these  have  an  evolution  from  hormone- 
dependent  disease  to  hormone-independent  disease.  A  bold  commitment  to 
drug  discovery  and  elinieal  pharmacology  will  potentially  plaee  us  in  a  key 
position  to  prevent  the  development  of  breast  eancer  by  the  end  of  this 
century"^^  ”.  The  vision  of  the  eoncept  was  refined  and  focused  by  1990^.  'We 
have  obtained  valuable  clinical  information  about  this  group  of  drugs  that 
can  be  applied  in  other  disease  states.  Research  does  not  travel  in  straight 
lines  and  observations  in  one  field  of  science  often  become  major  discoveries 
in  another.  Important  elues  have  been  garnered  about  the  effeets  of  tamoxifen 
on  bone  and  lipids,  so  apparently,  derivatives  eould find  targeted 
applieations  to  retard  osteoporosis  or  atheroselerosis.  The  ubiquitous 
applieation  of  novel  eompounds  to  prevent  diseases  assoeiated  with  the 
progressive  changes  after  menopause  may,  as  a  side  effect,  significantly 
retard  the  development  of  breast  cancer.  The  target  population  would  be 
postmenopausal  women  in  general,  thereby  avoiding  the  requirement  to 
seleet  a  high-risk  group  to  prevent  breast  eancer.'"  This  concept  is  exactly 
what  has  been  translated  to  clinical  practice'^^’'^^;  use  a  SERM  (raloxifene)  to 
treat  osteoporosis  and  reduce  the  incidence  of  breast  cancer  as  a  beneficial 
side  effect'^^''^^. 


A 


The  SERMs  surface  in  clinical  practice 

Raloxifene  is  the  pioneering  SERM  approved  for  the  prevention  of 
osteoporosis  around  the  world.  The  pivotal  registration  trial  was  the 
Multiple  Outcomes  of  Raloxifene  Evaluation  (MORE)  trial.  Raloxifene 
reduced  spine  fractures  by  50%  compared  to  placebo  .  A  separate 
analysis  of  breast  cancer  incidence  demonstrated  a  76%  decrease  in  the 
incidence  of  invasive  positive  breast  cancer  (Fig.  4)  over  the  3  year 
evaluation.  There  was  no  increase  in  endometrial  cancer  but  DCIS 
remained  unaffected'^^.  A  long  running  trial,  Raloxifene  Use  for  the  Heart 
(RUTH),  to  examine  whether  coronary  heart  events  could  be  reduced  in 
high  risk  populations,  did  not  slow  benefit  for  raloxifene  .  Looked  at 
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another  way,  it  showed  little  harm,  but  eoronary  heart  disease  (CHD)  in  a 
high  risk  population  was  unaffeeted. 

The  use  of  oestrogen-like  medieines  to  treat  and  prevent  osteoporosis  in 
the  postmenopausal  woman  demands  long  term  therapy  -  perhaps 
indefinite  therapy.  The  extension  trial  to  MORE  was  Continuing 
Outeomes  Relevant  to  Evista  (CORE/^.An  evaluation  of  both  breast 
eaneer  and  endometrial  eaneer  in  the  CORE  trial  eonfirmed  a  sustained 
efficacy  to  prevent  the  development  of  breast  cancer  over  the  9  years  of 
raloxifene  treatment  (Fig.  5)  and  this  effect  was  entirely  expressed  in  the 
prevention  of  ER  positive  disease  with  no  effect  on  the  development  of  ER 
negative  disease. 

Not  unexpectedly  the  promising  data  from  the  MORE  trial'^^  would 
propel  raloxifene  into  a  head  to  head  study  of  tamoxifen  and  raloxifene 
(STAR)  in  high  risk  postmenopausal  women  (Fig.  6).  The  STAR  trial 
teaches  several  important  lessons.  However  the  dramatic  decrease  in 
invasive  breast  cancer  noted  in  the  MORE  trial  (raloxifene  reducing  the 
risk  of  ER  positive  breast  cancer  by  90%  -  and  a  76%  reduction  of  any 
newly  diagnosed  invasive  breast  cancer)'^^  was  not  noted  in  STAR  with 
raloxifene.  There  was  no  difference  between  the  incidence  of  breast  cancer 
during  treatment  with  tamoxifen  or  raloxifene'^^  notwithstanding  the 
presumed  50%  decrease  based  on  the  results  from  the  P-1  trial  ’  . 
Raloxifene  had  a  very  low  proliferative  effect  on  the  uterine  epithelium 
when  compared  with  tamoxifen  and  this  translated  to  fewer 
hysterectomies  in  the  raloxifene  treated  women"^^.  Additionally  there  were 
fewer  thrombotic  events  with  raloxifene  and  fewer  operations  for  cataracts 
(see  earlier  concerns  with  the  triphenylethylene  based  nonsteroidal 
antioestrogens^).  Overall  raloxifene  seems  to  be  equivalent  to  tamoxifen  as 
a  chemopreventive  for  invasive  breast  cancer  but  raloxifene  is  less 
effective  than  tamoxifen  at  controlling  the  development  of  DCIS. 
Nevertheless,  raloxifene  confers  greater  safety. 

However,  the  importance  of  long  term  follow  up  for  clinical  trials  is 
illustrated  by  STAR.  A  recent  evaluation  of  the  STAR  trial  3  years  after 
stopping  the  5  years  of  treatment  showed  that  although  tamoxifen  retained 
its  “imprinting”  as  an  antitumour  agent  raloxifene  did  not.  Raloxifene  was 
only  78%  as  effective  at  reducing  primary  breast  cancer  incidence  as 
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tamoxifen.  These  elinieal  data  refleet  the  superiority  of  tamoxifen  in 
preelinieal  studies^^’^°  and  based  on  the  raloxifene  extension  study, 
raloxifene  may  need  to  be  given  indefinitely  to  prevent  both 
osteoporosis  and  breast  eaneer. 

Recent  innovations  in  SERM  development 

The  story  of  the  initial  discovery  and  clinical  applications  of  the 
SERMs  tamoxifen  and  raloxifene  is  one  of  the  play  of  chance  with  the 
right  people  being  in  the  right  place  at  the  right  time  and  the  willingness  to 
seize  an  opportunity  that  ultimately  results  in  progress  in  medicine  and 
pharmaceutical  profits.  The  profits  have  to  occur  to  permit  progress  in 
medicine.  This  is  not  a  new  idea  as  it  was  stated  as  being  essential  by 
Professor  Paul  Ehrlich  in  the  final  days  of  the  19*  century  for  the 
successful  development  of  the  first  chemical  therapy  (chemotherapy)  for 
any  disease  (syphilis)^\  Salvarsan  (606)  was  discovered  through 
systematic  organic  synthesis  and  testing  of  hundreds  of  compounds  in 
appropriate  animal  models  of  human  disease.  But  syphilis  would  not  have 
been  conquered  if  the  pharmaceutical  company  Hoechst  had  not 
developed  the  drug.  Without  successful  drug  development,  there  would  be 
no  medicines.  This  fact  is  critical  to  the  next  part  of  the  SERM  story. 


There  has  been  considerable  innovation  by  pharmaceutical  chemists  to 
refine  the  selectivity  of  SERMs  and  advance  in  the  creation  of  the  ideal 
SERM.  The  goal  is  illustrated  in  Figure  7.  Numerous  compounds  have 
been  synthesized  and  tested  in  preelinieal  studies  but  it  is  not  our  intention 
to  survey  progress  in  the  laboratory  here.  This  progress  has  been 
documented  elsewhere^^’^^.  Rather,  four  SERMs  are  selected  for 
consideration:  ospemifene,  arzoxifene,  bazedoxifene,  and  lasofoxifene 
(Fig.  8).  The  reason  for  the  selection  of  these  four  is  that  significant 
progress  has  been  made  in  completed  clinical  trials 
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Ospemifene 

Ospemifene  (FC-1271a)  is  a  new  SERM  that  has  shown  oestrogen-like 
effects  in  bone  marrow^"^ ,  enhancing  osteoblast  formation  in  vitro  by  a 
mechanism  unlike  that  of  raloxifene.  Ospemifene,  Z-2-(4-(4-chloro-l,2- 
diphenyl-but-l-enyl)phenoxy)  ethanol)  is  a  metabolite  of  toremefene 
Ospemifene  also  has  oestrogenic  activity  in  the  vaginal  epithelium,  though 
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not  in  the  endometrium,  suggesting  its  applieation  as  a  treatment  for 
vaginal  dryness  assoeiated  with  menopause^^’  Ospemifene  has  been 
shown  to  inhibit  the  growth  of  the  ER  positive  MCF-7  eells  in  eulture^^ 


Preclinical  studies  in  vivo  have  shown  ospemifene  to  prevent  bone  loss 
and  inerease  bone  strength  in  ovarieetomised  rats  and  to  have  a  benefit  in 
lowering  serum  cholesterol  levels  . 
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Phase  I,  II,  and  III  clinical  trials  have  been  carried  out  with 
ospemifene^^  with  no  toxicity  shown.  Phase  II  trials^^’^^  and  a  phase  III 
trial^*^  indicate  that  ospemifene  is  effective  for  treating  vulvar  and  vaginal 
atrophy  in  postmenopausal  women.  Ospemifene ’s  oestrogen-like  activity 
on  the  vagina  improved  symptoms  of  vaginal  dryness,  unlike  raloxifene^\ 

Arzoxifene 

Arzoxifene  (LY353381)  is  a  potent  SERM  that  was  evaluated  by  Eli 
Lilly  and  Company^^.  This  SERM  binds  to  the  oestrogen  receptor  alpha 
with  higher  affinity  than  raloxifene^^'^"^.  It  was  found  to  have  antagonistic 
effects  on  the  uterus  whist  being  30  to  100  times  more  potent  than 
raloxifene  in  the  prevention  of  body  weight,  bone,  and  serum  cholesterol 
changes  brought  about  by  ovariectomizing  rats^^.  Furthermore,  arzoxifene 
and  its  metabolite,  demethylated  arzoxifene,  have  been  shown  to  not  have 
a  proliferative  effect  on  endometrial  tissue  while  protecting  bone. 


In  clinical  trials,  arzoxifene  has  shown  promise  for  treatment  of 
osteoporosis.  In  a  phase  III  trial  arzoxifene  treatment  of 
postmenopausal  osteoporotic  women  increased  spine  and  hip  bone 
density.  Other  trials  have  suggested  that  arzoxifene  was  effective  against 
vertebral  fractures  but  not  not-vertebral  fractures. 


In  spite  of  arzoxifene ’s  encouraging  preclinical  and  early  clinical 
findings,  arzoxifene  is  not  on  the  market  and  is  not  being  developed. 
Arzoxifene  has  some  adverse  effects  in  common  with  all  SERMs  such  as 
hot  flashes,  increased  risk  of  venous  thromboembolic  events,  and  cramps. 
In  addition,  a  phase  III  breast  cancer  clinical  trial  was  stopped  because 
^Arzoxifene  was  statistically  significantly  inferior  to  tamoxifen  with 
regard  to  progression-free  survival  and  other  time-to-event  parameters, 

67 

although  tumor  response  was  comparable  between  the  treatments”. 
Arzoxifene  has  not  been  developed  further. 
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Bazedoxifene 

Bazedoxifene,  a  SERM  for  the  treatment  and  prevention  of 
osteoporosis  in  postmenopausal  women  (as  well  as,  in  combination 
with  conjugated  equine  oestrogens,  for  treatment  of  menopausal 
symptoms^^),  is  currently  approved  for  use  in  the  European  Union;  and, 
it  is  under  review  by  the  United  States’  Food  and  Drug  Administration. 
This  SERM,  developed  by  collaborative  efforts  between  Wyeth 
Pharmaceuticals  and  Ligand  Pharmaceuticals,  has  a  binding  affinity  for 
the  ERa  about  10-fold  lower  than  17p-oestradiol^^  Preclinical 
studies  on  basedoxifene  have  been  two-tiered:  those  studying 
bazedoxifene  alone  as  treatment  and  a  preventative  agent  for 
osteoporosis  and  those  of  bazedoxifene  in  combination  with  conjugated 
oestrogens.  Bazedoxifene  alone  shows  its  efficacy  in  maintaining  bone 
mass  in  doses  as  low  as  O.lmg/kg/day  in  ovariectomized  rats^^’^°.  This 
bone  preservation  is  comparable  to  raloxifene  and  lasofoxifene^^’ 

Combination  studies  have  been  carried  out  on  basedoxifene  given 
with  a  mixture  of  the  10  principal  conjugated  oestrogens  (CEs)  in 
Premarin.  Bazedoxifene  (3.0mg/kg)  was  given  in  tandem  with  the  CE. 
The  bazedoxifene  antagonized  CE  induced  dose-dependent,  increase  in 
uterine  weight  to  control  levels^^.  Another  study  compared  raloxifene, 
bazedoxifene,  and  lasofoxifene  to  conjugated  oestrogens.  Bazedoxifene 
was  unique  amongst  raloxifene  and  lasofoxifene  in  its  ability  to 
antagonize  effect  of  CE  on  uterine  weight^'^. 

Bazedoxifene  has  gone  through  several  phase  III  clinical  trials.  It 
has  been  shown  to  reduce  bone  turnover  and  to  prevent  bone  loss 
without  undue  endometrial,  ovarian  and  breast  risks  ’  .  Another  phase 
III  study  showed  that  bazedoxifene  reduced  the  incidence  of  vertebral 
fractures  as  compared  to  placebo^^.  Amongst  high  risk  women, 
bazedoxifene  significantly  lowered  the  risk  of  nonvertebral  fracture 
relative  to  both  placebo  and  raloxifene^^.  Bazedoxifene  is  considered  to 
be  well  tolerated;  serious  adverse  events  and  discontinuations  are 
similar  to  those  of  a  placebo  group  .  Any  increased  risks  of  venous 
thromboembolism  are  similar  to  raloxifene  and  lasofoxifene  ’  . 
Bazedoxifene  is  considered  safe  regarding  osteoporosis  treatment  and 
prevention^^;  but  cannot  be  considered  a  chemopreventive  for  breast 
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cancer  ’  . 
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Lasofoxifene 

Lasofoxifene  is  a  SERM  which  binds  with  high  affinity  to  the  ER  that 
is  approved  for  the  treatment  of  osteoporosis  in  the  U.K.  and  the  E.U.  but  not 

O  1 

currently  in  the  U.S.  .  Animal  model  studies  of  lasofoxifene  have  shown  it  to 
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inhibit  osteoelastogenesis,  prevent  bone  loss  and  reduee  bone  turnover  ’  . 


Phase  II  and  phase  III  elinical  studies  have  confirmed  improvements  in 
bone  mineral  density  (BMD).  In  one  phase  II  study  one  year’s  treatment 
with  lasofoxifene  showed  signifieant  improvement  regarding  lumbar  spine 
BMD  as  compared  to  ealcium  and  vitamin  D.  In  another  study,  lasofoxifene 
aeted  positively  by  inereasing  BMD  comparably  to  CEE  . 


Three  phase  III  clinical  studies  have  been  carried  out  on  lasofoxifene: 
The  Postmenopausal  Evaluation  and  Risk-Reduetion  with  Lasofoxifene 
(PEARL)  study,  The  Osteoporosis  Prevention  and  Lipid  Lowering  (OPAL) 
study,  and  the  Comparison  of  Raloxifene  and  Lasofoxifene  (CORAL)  study. 
The  PEARL  study  found  that  both  lumbar  spine  and  femoral  neck  BMD  were 
increased  after  three  years  treatment.  Lasofoxifene  also  significantly  reduced 
the  risk  of  ER  positive  breast  cancer  as  compared  to  placebo^^'^^.  The  OPAL 
trial  tested  three  doses  of  lasofoxifene  against  placebo.  All  doses  showed 

oo 

improved  lumbar  spine  and  hip  BMD  as  eompared  to  plaeebo  .  All  doses 
also  showed  redueed  serum  levels  of  C-terminal  telopeptide  of  type  1 
collagen,  serum  osteoealcin,  no  increase  in  breast  density  or  pain^^.  The 
CORAL  study  found  that  lasofoxifene  maintained  BMD  in  the  lumbar  spine 
better  than  raloxifene,  with  no  difference  in  hip  BMD;  lasofoxifene  also 
lowered  total  eholesterol  more  than  raloxifene^^. 


Lasofoxifene  is  a  major  advanee  towards  improved  poteney  and  side 
effeet  profile.  Lasofoxifene  is  100  times  more  potent  than  raloxifene  and 
unlike  raloxifene  ,  lasofoxifene  reduces  the  risk  of  eoronary  heart  disease  and 
strokes.  Like  raloxifene,  lasofoxifene  reduces  the  incidence  of  fractures  and 
ER  positive  breast  cancers  with  no  increase  in  the  risk  of  endometrial 
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A  SERM  summary 

The  practical  application  of  SERMs  for  the  chemoprevention  of  breast 
cancer  is  one  that  has  only  resulted  from  the  research  philosophy  first 
defined  by  Professor  Paul  Ehrlich  to  achieve  successful  outcomes  in 
experimental  therapeutics,  ie:  the  4  G’s  -  Gluck  (luck),  Geduld  (patience), 
Geshick  (skill)  and  Geld  (money)^^  The  discoveries  with  both  tamoxifen 
and  raloxifene,  in  the  same  laboratory,  were  not  predictable.  Some  would 
say  lucky.  But  with  patience  and  skill  over  decades  and  the  investment  of 
money  from  philanthropy  and  the  pharmaceutical  industry  to  develop  the 
new  concepts  further  and  “sell”  the  idea  to  physicians,  millions  of  women 
are  alive  and  millions  more  continue  to  benefit.  The  approved  drugs, 
tamoxifen  and  raloxifene,  are  safe  and  effective  if  used  in  the  correct 
manner  for  the  right  patients:  tamoxifen  for  5  years  in  the  high-risk 
premenopausal  woman  (or  the  postmenopausal  woman  without  a  uterus) 
or  raloxifene  indefinitely  in  the  high-risk  postmenopausal  woman.  This 
therapeutic  intervention  will  reduce  the  incidence  of  breast  cancer  in  select 
populations.  By  contrast,  forty  years  ago  there  was  nothing. 

Unfortunately  to  advance  further,  it  is  unclear  whether  the  new  SERMs 
have  the  “uniqueness”  to  overcome  raloxifene  as  the  SERM  of  choice  to 
prevent  both  osteoporosis  and  significantly  reduce  the  risk  of  breast 
cancer.  Arzoxifene  can  be  viewed  as  a  “long  acting  raloxifene”  but 
following  the  completion  of  clinical  trials  the  decision  was  made  not  to 
seek  Food  and  Drug  Administration  (F.D.A.)  approval.  In  contrast 
bazedoxifene  for  osteoporosis  or  bazedoxifene  plus  CEE  to  treat 
menopausal  symptoms  appears  to  have  merit  for  the  postmenopausal 
women  with  a  uterus.  Basedoxifene  is  approved  in  several  countries. 
Ospemifene  could  have  a  “niche”  application  to  ameliorate  vaginal 
dryness,  but  an  application  to  prevent  breast  cancer,  like  toremifene 
before,  is  unlikely  without  major  clinical  trials  for  chemoprevention, 
osteoporosis  or  other  indications.  Lasofoxifene  is  approved  in  the  E.U.  but 
the  drug  has  not  been  launched.  The  F.D.A.  has  not  approved  lasofoxifene. 
It  is  all  about  Geld  and  the  fear  of  financial  failure  by  the  pharmaceutical 
industry.  The  same  was  true  for  tamoxifen  and  raloxifene.  Now  the  market 
may  be  overcrowded  but  there  have  been  advances.  The  ideal  SERM  is 
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illustrated  in  Fig.  7  with  the  goal  to  aehieve  an  improvement  on  raloxifene, 
the  failed  breast  eaneer  drug.  Raloxifene  is  seen  to  be  a  safe  advanee  over 
tamoxifen  as  there  is  no  endometrial  eaneer  incidenee  and  no  rat 
hepatocarcinogenieity  with  the  former.  If  we  only  focus  on  SERMs  that 
have  successfully  moved  to  approval  for  osteoporosis  (or  hot  flashes  in  the 
case  of  bazedoxifene)  it  is  clear  that  lasofoxifene  has  solved  additional 
issues  by  reducing  strokes  and  reducing  CHD.  Significant  progress  has 
been  made.  The  innovation  of  using  CEE  with  bazedoxifene  to  protect  the 
uterus  (and  breast  in  early  menopausal  women)  may  yet  prove  to  be  useful 
as  ERT  in  younger  postmenopausal  women. 

So  if  SERMs  are  currently  optimal  for  the  foreseeable  future  what 
about  “no  oestrogen”  at  all.  The  aromatase  inhibitors  have  been  rigorously 
tested  in  clinical  trials  of  treatment  and  there  is  a  recent  trial  of  letrazole 
versus  placebo  in  high  risk  women  that  has  shown  promise  for  future 
consideration^ ^  However,  despite  the  positive  claims  about  low  side 
effects  such  as  bone  loss,  joint  pain  and  vaginal  dryness  (with  the 
attendant  sexual  issues),  it  would  be  hard  to  believe  that  the  side  effects  of 
the  many  could  ever  outweigh  the  benefits  of  the  few.  If  large  populations 
are  to  benefit  from  AFs,  issues  of  increased  risk  of  CHD  will  again 
demand  rigorous  monitoring^^.  Good  quality  of  life  is  essential  for 
chemoprevention.  This  was  the  basis,  some  60  years  ago,  for  the 
introduction  of  ERT/HRT  to  improve  quality  of  life  for  the  many. 
Unfortunately  oestrogen  and  HRT  have  a  bad  reputation  for  the  growth  of 
breast  cancer  for  the  few.  Nevertheless,  there  has  been  a  recent  surprise 
and  again  science  is  poised  to  propel  innovation  forward  and  make 
progress. 

The  surprise  was  counterintuitive  in  the  oestrogen  alone  trial  of  the 
WHl^'^.  The  finding  that  the  administration  of  CEE  to  postmenopausal 
hysterectomized  women  in  their  late  60 ’s  reduced  the  incidence  of  breast 
cancer  and  this  remained  reduced  for  5  years  after  stopping  CEE 
demands  explanation.  Clues  as  to  the  mechanisms  of  the  paradoxical 
antitumour  effects  of  low  dose  oestrogen  administration  to  women  in  their 
late  sixties  come  from  work  of  the  mechanisms  of  antihormone  resistance 
during  long  term  therapy^^.  Two  decades  of  laboratory  study  of  the 
consequences  of  long  term  SERM  therapy  demonstrated  an  evolution  of 
the  types  of  resistance  culminating  in  the  discovery  of  a  new  biology  of 
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oestrogen  indueed  apoptosis^^.  It  appears  that  the  five  years  of  adjuvant 
antihormone  therapy  for  breast  eaneer  aeeelerates  a  proeess  of  breast 
caneer  eell  survival  that  is  similar  to  what  oecurs  over  the  20  years  with 
long  term  oestrogen  deprivation  following  the  menopause.  Physiologically 
oestrogen  deprivation  after  menopause  needs  decades  to  change  the  cell 
sensitivity  from  oestrogen  being  a  survival  signal  in  breast  cancer  to  an 
apoptotic  trigger.  In  contrast  it  takes  less  than  a  decade  to  achieve  the 
same  effect  on  breast  cancer  with  antihormone  therapy.  The  WHI  results 
and  the  associated  laboratory  evidence  now  pose  a  provocative  dilemma  in 
the  era  of  “individualized”  medicine.  The  application  of  low  dose 
(physiologic)  oestrogen-  induced  apoptosis  has  already  moved 
successfully  from  the  laboratory  to  clinical  trial^^,  and  is  being  tested  as  a 
“purge  strategy”  for  long  term  AI  adjuvant  therapy  with  3  month  drug 
holidays  annually  in  the  Study  of  Letrozole  Extension  (SOLE)  trial  . 
Maybe  the  era  of  individualized  chemoprevention  is  soon  to  dawn  as  we 
piece  together  all  the  advances  being  made  in  cancer  research  and 
treatment.  This  era  will  deploy  new  knowledge  of  genetics,  lifestyle, 
detection,  and  molecular  medicine  for  the  right  preventative  for  the  right 
women.  If  in  fact  we  can  understand  the  mechanism  of  oestrogen-induced 
apoptosis  as  currently  applied  to  second  line  treatment  after  SERMs  or 
aromatase  inhibitors  and  use  the  knowledge  to  alternate  or  “purge”  nascent 
breast  cancer  cells  resistant  to  SERMs  used  as  long  term  preventatives 
with  CEE  for  a  few  months,  this  new  approach  may  be  added  to  the 
armamentarium  available  to  physicians  as  inexpensive  but  effective. 
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Figure  Legends 

Figure  1. 

A  comparison  of  the  structures  of  the  potent  steroidal  oestrogen 
17P-oestradiol  and  the  non-steroidal  antioestrogens  (now  called  SERMs) 
tamoxifen  and  raloxifene.  Tamoxifen  and  raloxifene  are  both  approved  in  the 
U.S.  for  the  reduction  of  risk  for  breast  cancer  in  high  risk  pre  and 
postmenopausal  women  or  postmenopausal  women  alone  respectively. 

Figure  2. 

The  risk  requirements  for  recruitment  to  the  National  Surgical 
Breast  and  Bowel  Project  (NSABP)/National  Cancer  Institute  (NCI)  study  P- 
I  to  determine  the  worth  of  tamoxifen  for  preventing  breast  cancer  in  high 

o  o 

risk  pre  and  postmenopausal  women  . 

Figure  3. 

The  total  and  age  related  incidence  of  endometrial  cancer  in  the 
NSABP/NCI  P-1  chemoprevention  trial  Premenopausal  women  have  no 
increased  risk  of  developing  endometrial  cancer  during  or  following  5  years 
of  tamoxifen  treatment. 

Figure  4. 

The  annual  accumulative  incidence  breast  cancers  represented  as 
a  percent  of  affected  randomized  patients  in  the  Multiple  Outcomes  of 
Raloxifene  Evaluation  (MORE)  that  randomized  women  with  an  increased 
risk  for  osteoporotic  fractures  to  placebo  (2576  women)  or  raloxifene  (5129 
women) 

Figure  5. 

The  cumulative  incidence  of  invasive  breast  cancer  for  the 
combined  MORE  and  Continuing  Outcomes  Relevant  to  Evista  (CORE) 
studies.  Shown  are  patients  at  high  risk  for  osteoporotic  fractures  receiving 
either  placebo  or  raloxifene  (60mg  daily)"^^. 
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Figure  6. 

The  design  of  the  Study  of  Tamoxifen  and  Raloxifene  (STAR). 
The  STAR  trial  for  postmenopausal  women  at  elevated  risk  for  breast  caneer 
had  fewer  serious  side  effeets  when  taking  raloxifene  but  a  similar  reduetion 
in  the  incidence  of  breast  cancer"^^.  However,  after  stopping  the  SERM 
treatment,  the  antitumour  action  of  raloxifene  was  not  maintained  so 
continuous  treatment  with  raloxifene  is  recommended  (as  this  is  the  approval 
for  the  treatment  and  prevention  of  osteoporosis). 

Figure  7. 

A  comparison  of  the  good  and  bad  aspects  of  hormone 
replacement  therapy  (HRT)  and  current  Selective  Oestrogen  Receptor 
Modulators  (SERMs)  tested  in  postmenopausal  women.  On  the  right  is  the 
ideal  SERM  of  the  future  reproduced  with  permission  from^^. 

Figure  8. 

The  structures  of  SERMs  that  have  completed  clinical  testing 
over  the  last  decade.  Arzoxifene  has  not  been  pursued  for  clinical  use  and 
ospemifene  is  targeted  for  an  application  for  vaginal  atrophy.  Lasofoxifene  is 
the  newest  SERM  thus  far  to  attain  the  pharmacologic  profile  of  an  ideal 
SERM  (Fig.  7).  Bazedoxifene  is  targeted  for  either  a  treatment  and 
prevention  for  osteoporosis  or  with  conjugated  equine  oestrogen  as  an 
oestrogen  replacement  therapy  for  hot  flashes. 
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Abstract  Purpose:  c-Src  is  an  important  adapter  protein  with  oestrogen  receptor  (ER)  and 
human  epidermal  growth  factor  receptor  2  (HER2),  which  validates  it  as  an  attractive  target 
for  the  treatment  of  breast  cancer.  A  specific  c-Src  inhibitor,  PP2,  was  utilised  to  block  c-Src  activ-  Qi 
ity  to  identify  targeted  vulnerabilities  affected  by  ER  and  HER2  in  a  panel  of  breast  cancer  cell 
lines. 

Methods:  ER,  growth  factor  receptors  and  signalling  pathways  were  detected  by  Western-blot. 
The  DNA  content  of  the  cells  was  determined  by  using  a  DNA  fluorescence  quantitation  kit.  Cell 
cycles  were  analysed  by  flow  cytometry. 

Results:  The  antiproliferative  effect  of  PP2  closely  correlated  with  the  inhibition  of  c-Src  mediated 
extracellular  signal-regulated  kinase/mitogen-activated  protein  kinase  (ERK/MAPK)  and/or 
phosphoinositide  3-kinase  (PI3K)/Akt  growth  pathways.  Inhibition  of  c-Src  tyrosine  kinase  pre¬ 
dominantly  blocked  ER  negative  breast  cancer  cell  growth,  particularly  the  triple  (i.e.  ER,  PR,  and  Q2 
HER2)  negative  cells.  In  contrast,  ER  negative  Sk-Br-3  cells  with  highest  HER2  phosphorylation 
were  resistant  to  PP2,  in  which  hyper-activated  HER2  directly  regulated  growth  pathways.  How¬ 
ever,  blocking  c-Src  recovered  ER  expression  and  down-regulated  HER2  which  made  Sk-Br-3 
cells  regain  responsiveness  to  4-hydroxytamoxifen.  The  majority  of  ER  positive  cells  were  not  sen¬ 
sitive  to  PP2  regardless  of  wild- type  or  endocrine  resistant  cell  lines. 

Conclusions:  c-Src  mediates  the  essential  role  of  growth  pathways  in  ER  negative  breast  cancer 
cells.  The  ER  positive  and  HER2  over-activation  are  two  important  predictive  biomarkers  for 
the  resistance  to  a  c-Src  inhibitor.  These  data  provided  an  important  therapeutic  rationale  for 
patient  selection  in  clinical  trials  with  c-Src  inhibitors  in  breast  cancer. 
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1.  Introduction 

Targeting  oestrogen  receptor  (ER)  and  human  epider¬ 
mal  growth  factor  receptor  2  (HER2)  are  two  successful 
therapies  in  the  treatment  of  breast  cancer  patients 
expressing  relevant  target  molecules. c-Src  is  a  ubiqui¬ 
tously  expressed  intracellular  tyrosine  kinase  that  regu¬ 
lates  protein-protein  interactions  and  participates  as  a 
convergence  point  in  different  signalling  pathways.^  c- 
Src  functions  as  an  important  adapter  protein  between 
ER  and  receptor  tyrosine  kinases  such  as  the  epidermal 
growth  factor  receptor  (EGER)  and  HER2  in  breast  can- 
cer."^“^  In  this  regard,  c-Src  acts  as  a  critical  component  of 
the  signalling  cascades  initiated  by  ER  and  HER2  to  acti¬ 
vate  the  mitogen-activated  protein  kinase  (MAPK)  and 
phosphoinositide  3-kinase  (PI3K)/Akt  pathways, both 
of  which  cause  ER  phosphorylation  and  ER-dependent 
gene  transcription.^ 

Observations  in  vitro  also  support  that  multiple  levels 
of  association  exist  among  ER,  HER2  and  c-Src  in 
breast  cancer.  Targeting  ER  with  tamoxifen  increases 
c-Src  activity  which  enhances  cellular  invasion  and 
motility  in  breast  cancer  cells. Furthermore,  c-Src  is 
shown  to  be  critical  in  mediating  tamoxifen  resistance 
since  blocking  its  activity  reverses  tamoxifen  resis¬ 
tance.^^  A  recent  report  indicates  that  c-Src  is  a  common 
node  downstream  of  multiple  trastuzumab  (targeting 
HER2)  resistance  pathways. These  observations  high¬ 
light  c-Src  as  an  important  therapeutic  target  for  the 
treatment  of  human  breast  cancer. 

Dasatinib,  a  potent  oral  inhibitor  of  c-Src  family 
tyrosine  kinase,  is  approved  for  clinical  use  in  imati- 
nib-resistant  and  -intolerant  chronic  myeloid  leukaemia 
and  solid  tumour. Preclinical  studies  in  breast  can¬ 
cer  cell  lines  have  shown  that  basal  like  triple  negative 
(i.e.  ER,  PR  and  HER2)  breast  cancer  may  have  prefer¬ 
ential  sensitivity  to  the  c-Src  inhibitor.  Two  parallel 
phase  II  monotherapy  studies  of  dasatinib  in  breast  can¬ 
cer  were  initiated  in  different  breast  cancer  subtypes.  In 
patients  with  triple-negative  breast  cancer  (TNBC), 
dasatinib  has  good  tolerability  and  modest  activity, 
whereas  dasatinib  has  limited  single-agent  activity  in 
patients  with  HER2  positive  and/or  hormone  receptors 
(HR)  positive  advanced  breast  cancer. These  findings 
imply  that  HR  and  HER2  may  prevent  the  therapeutic 
effects  of  the  c-Src  inhibitor  in  breast  cancer.  Thus,  there 
is  a  need  to  identify  patients  who  are  unlikely  to  respond 
to  the  c-Src  inhibitor  treatment.  More  importantly,  fac¬ 
tors  that  cause  c-Src  inhibitor  resistance  will  serve  as 
molecular  targets  to  improve  the  action  of  c-Src  inhibi¬ 
tors.  Unfortunately,  there  is  little  understanding  of  resis¬ 
tance  to  the  c-Src  inhibitors  in  breast  cancer  cells.  Chen 
et  al.^^  have  demonstrated  that  acquired  resistance  to 
AZD  0530  (a  c-Src  inhibitor)  can  be  mediated  through 
activation  of  mitogen-activated  protein  kinase  kinase 
(MEK)  and  PI3K  pathways  thus  these  may  prove  to 


be  future  therapeutic  targets  to  improve  the  c-Src  inhib¬ 
itor  sensitivity. 

The  goal  of  this  study  is  to  identify  biological  mark¬ 
ers  of  resistance  to  a  c-Src  inhibitor  in  a  panel  of  wild- 
type  and  long-term  oestrogen  deprived  breast  cancer  cell 
lines.  We  demonstrate  that  c-Src  has  an  essential  role  in 
mediating  the  growth  pathways  of  ER  negative  breast 
cancer  cells.  ER  positive  and  HER2  over-activation 
reduce  the  responsiveness  to  the  c-Src  inhibitor.  Indeed, 
c-Src  controls  oestrogen  action  in  ER  positive  long-term 
oestrogen  deprived  resistant  cells.  Our  data  provide  an 
important  therapeutic  rationale  for  patient  selection  in 
future  clinical  trials  of  c-Src  inhibitors  in  breast  cancer. 

2.  Materials  and  methods 

2.7.  Materials 

The  c-Src  inhibitor  PP2  was  purchased  from  CalBio- 
chem  (San  Diego,  CA).  Sources  of  antibodies  for  Wes¬ 
tern  blot  are  as  follows:  ERa  (sc-544)  and  PR  (sc-810) 
antibodies  were  from  Santa  Cruz  Biotechnology  (Santa 
Cruz,  CA).  Total  MAPK  antibody  (#9102),  phosphory¬ 
lation  MAPK  (#9101),  total  Akt  (#9272),  phosphory- 
lated  AktSer473  (#9271),  phosphorylated  c-SrcTyr416 
(#21  OIL)  antibodies  and  secondary  antibodies  conju¬ 
gated  with  horseradish  peroxidase  (rabbit  #7074,  mouse 
#7076)  were  from  Cell  Signalling  Technology  (Beverly, 
MA).  Phosphorylated  HER2  Tyrl248  and  total  c-Src 
mouse  (GDI  1)  antibodies  were  from  Millipore  (Temecu¬ 
la,  CA).  Antibodies  to  HER2  (Abl8)  and  EGER  (Abl5) 
were  from  NeoMarkers  (Fremont,  CA). 

2.2.  Cells  and  culture  conditions 

Briefly,  MCF-7:WS8  and  T47D:A18  human  mam¬ 
mary  carcinoma  cells,  clonally  selected  from  their  paren¬ 
tal  counterparts  for  sensitivity  to  growth  stimulation  by 
£2/^  were  used  in  all  experiments  indicating  MCF-7  and 
T47D  cells.  ZR-75-1,  BT474  and  Sk-Br-3  cells  were 
obtained  from  American  Type  Culture  Collection 
(ATCC,  Manassas,  VA).  MDA-MB-231(10A)  cells, 
clonally  selected  from  parental  MDA-MB-231  cells 
(obtained  from  ATCC),  were  used  in  this  study  indicat¬ 
ing  MDA-MB-231  cells.  MCF-7:5C  and  MCF-7:2A 
cells  were  cloned  from  E2  deprived  MCF-7  cells  and 
maintained  in  E2-free  Roswell  Park  Memorial  Institute 
(RPMI)  medium  which  is  phenol  red-free  RPMI  1640 
supplemented  with  10%  dextran-coated  charcoal- 
stripped  foetal  bovine  serum  (SFS).^^’^^  T47D:C42  cells 
were  cloned  from  E2  deprived  T47D  cells  and  main¬ 
tained  in  E2-free  RPMI  1640  medium. Pure  antioestro¬ 
gen  fulvestrant  resistant  cell  line  MCF-7/F  was  derived 
from  MCF-7  which  was  maintained  in  phenol  red 
RPMI  1640  medium  supplemented  with  10%  foetal 
bovine  serum  (FBS).^"^ 
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2.3.  Cell  proliferation  assays 

Cell  DNA  content  was  determined  as  a  measure  of 
cell  proliferation  using  the  Fluorescent  DNA  Quantita¬ 
tion  Kit  (Bio-Rad,  Hercules,  CA)^^ 

2.4.  Immunoblotting 

Proteins  were  extracted  in  cell  lysis  buffer  (Cell  Signal¬ 
ling  Technology,  Beverly,  MA)  supplemented  with  Prote¬ 
ase  Inhibitor  Cocktail  (Roche,  Indianapolis,  IN)  and 
Phosphatase  Inhibitor  Cocktail  Set  I  and  Set  II  (Calbio- 
chem,  San  Diego,  CA).  Total  protein  content  of  the  lysate 
was  determined  by  a  standard  BCA  assay  using  the 
reagent  from  Bio-Rad  Laboratories  (Hercules,  CA).  Fifty 
micrograms  of  total  protein  was  separated  on  10%  SDS 
polyacrylamide  gel  and  transferred  to  a  nitrocellulose 
membrane.  The  membrane  was  probed  with  primary 
antibodies  followed  by  incubation  with  secondary  anti¬ 
body  conjugated  with  HRP  and  reaction  with  Western 
Lighting™  plus-ECL  enhanced  chemiluminescent  sub¬ 
strate  (PerkinElmer  Inc.,  Waltham  MA).  Protein  bands 
were  visualised  by  exposing  the  membrane  to  X-ray  film. 

2.5.  Cell  cycles  analysis 

Briefly,  Sk-Br-3,  BT474,  T47D:C42  and  MDA-MB- 
231  cells  were  cultured  in  dishes.  They  were  treated  with 
vehicle  (0.1%  DMSO),  lapatinib  (1  pM)  and  PP2  (5  pM) 
for  24  h  respectively.  Cells  were  harvested  and  gradually 
fixed  with  75%  EtOH  on  ice.  After  staining  with  propi- 
dium  iodide  (PI),  cells  were  analysed  using  a  fluores¬ 
cence-activated  cell  sorter  (FACS)  flow  cytometer 
(Becton  Dickinson,  San  Jose,  CA),  and  the  data  were 
analysed  with  CellQuest  software. 

2.6.  Quantitative  real-time  RT-PCR 

Cells  were  harvested  in  TRIzol.  Total  RNA,  isolated 
with  an  RNeasy  Micro  kit  (Qiagen,  Valencia,  CA),  was 
converted  to  first- strand  cDNA  using  a  kit  from  Applied 
Biosystem  (Foster  City,  CA).  Quantitative  real-time 
polymerase  chain  reaction  (RT-PCR)  assays  were  done 
with  the  SYBR  Green  PCR  Master  Mixes  (Applied  Bio¬ 
systems,  Foster  City,  CA)  and  a  7900HT  Fast  Real-time 
PCR  System  (Applied  Biosystems,  Foster  City,  CA). 
The  PUMl  forward  primer  was  5'-AATGCAGGCGC- 
GAGAAAT-3',  PUMl  reverse  primer  was  5'- 
TTGTGCAGCTGAGGAACTAATGA-3'.  The  ERot 
forward  primer  was  5'-GGAGGGCAGGGGTGAA- 
3',  ERot  reverse  primer  was  5'-GGCCAGGCTGTTCTT 
CTTAGA-3'.  All  the  data  were  normalised  by  PUML 

2. 7.  Statistical  Analysis 

All  reported  values  are  the  means  ±  SE.  Statistical 
comparisons  were  determined  with  two-tailed  Student’s 


t  tests.  Results  were  considered  statistically  significant  if 
the  P  value  was  <0.05. 

3.  Results 

3.1.  Baseline  levels  of  ER,  HER2  and  c-Src  activation  in  a 
panel  of  breast  cancer  cell  lines 

We  addressed  the  question  whether  expression  of 
ER  and  growth  factor  receptors  would  affect  the  ther¬ 
apeutic  effects  of  the  c-Src  inhibitors  in  breast  cancer 
cells.  To  answer  this  question,  a  panel  of  wild- type 
(MCF-7,  T47D,  ZR-75-1,  BT474,  MDA-MB-231  and 
Sk-Br-3),  long-term  oestrogen  deprived  (MCF-7:5C, 
MCF-7:2A  and  T47D:C42)  and  pure  antioestrogen 
ICI  182,780  resistant  (MCF-7/F)  breast  cancer  cell 
lines  were  investigated.  Baseline  levels  of  ER,  HER2, 
EGFR  and  c-Src  were  measured  by  immunoblot  anal¬ 
ysis.  They  all  keep  their  biological  characteristics  with 
differential  levels  of  ER,  PR,  HER2  and  EGFR  (Sup¬ 
plementary  Fig.  SI  A  and  SIB).  All  cell  lines  expressed 
detectable  levels  of  total  c-Src,  whereas  they  mani¬ 
fested  different  levels  of  phosphorylated  c-Src  (Supple¬ 
mentary  Fig.  SIC).  Although  there  is  no  clear  qs 
relationship  between  c-Src  phosphorylation  and  HR 
expression  (Supplementary  Fig.  SID)  after  normalised 
by  total  c-Src  among  tested  cell  lines,  interestingly,  we 
observe  that  c-Src  is  activated  in  resistant  cell  lines 
compared  with  respective  parental  cell  lines  (MCF- 
7:5C,  MCF-7:2A  and  MCF-7/F  versus  MCF-7, 
T47D:C42  versus  T47D).  The  DNA  fingerprinting  pat¬ 
tern  of  all  cell  lines  is  consistent  with  the  report  by  the 
ATCC  (Supplementary  Fig.  S2). 

3.2.  Inhibitory  effects  of  the  c-Src  inhibitor  on  ER  positive 
wild- type  breast  cancer  cells 

All  ER  positive  wild-type  breast  cancer  cells  were 
cultured  in  oestrogenised  medium.  The  specific  c-Src 
inhibitor,  PP2,  effectively  blocked  phosphorylation  of 
c-Src  in  all  cell  lines  (Fig.  lA).  However,  PP2  could 
not  inhibit  all  cell  growth  (Fig.  IB).  T47D  and 
BT474  cells  were  responsive  to  PP2  with  50%  and 
40%  inhibition  after  7  days  treatment,  respectively 
(Fig.  IB),  whereas  MCF-7  and  ZR-75-1  cells  were 
resistant  to  PP2  treatment  (Fig.  IB).  Further  investi¬ 
gation  showed  that  antiproliferative  effects  of  PP2 
were  correlated  with  inhibition  of  extracellular  sig¬ 
nal-regulated  kinase/mitogen-activated  protein  kinase 
ERK/MAPK  and/or  phosphoinositide  3-kinase 
(PI3K)/Akt  pathways.  PP2  could  not  continuously 
block  growth  pathways  in  resistant  cells  such  as 
MCF-7  and  ZR-75-1  (Fig.  1C).  In  contrast,  PP2  effec¬ 
tively  inhibited  both  signalling  pathways  in  T47D  and 
BT474  cells  (Fig.  1C). 
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3.3.  Inhibitory  effects  of  the  c-Src  inhibitor  varied  under 
conditions  with  or  without  basal  E2  in  ER  positive  wild- 
type  breast  cancer  cells 

Since  basal  oestrogen  levels  in  the  culture  medium 
affect  the  biological  function  of  the  ER  positive 
wild- type  breast  cancer  cells  (Supplementary 
Fig.  S3),  we  investigated  inhibitory  effects  of  the  c- 
Src  inhibitor  on  ER  positive  wild-type  cells  under  con¬ 
ditions  with  (10%  FBS)  or  without  (10%  SFS)  basal 
oestrogen.  Two  distinct  modulations  of  c-Src  phos¬ 
phorylation  existed  in  ER  positive  wild-type  cells  after 
short-term  absence  of  E2.  MCF-7  and  ZR-75-1  cells 
had  the  same  pattern  with  enhanced  c-Src  phosphory¬ 
lation,  conversely,  c-Src  phosphorylation  was  down- 
regulated  in  T47D  and  BT474  cells  (Fig.  2A).  The 


PP2  effectively  blocked  c-Src  phosphorylation  in  four 
wild-type  breast  cancer  cells  under  conditions  with 
10%  SFS  (Fig.  2B).  However,  inhibition  by  PP2  varied 
in  ER  positive  wild-type  cells  under  these  two  condi¬ 
tions  (Fig.  2C).  MCF-7  cells  were  effectively  respon¬ 
sive  to  PP2  under  conditions  without  basal  E2  (10% 
SFS),  conversely,  T47D  cells  were  completely  resistant 
to  PP2  in  phenol  red  free  medium  (Fig.  2C).  Four  ER 
positive  wild-type  breast  cancer  cells  were  stimulated 
by  E2  to  grow  with  different  sensitivity  (Fig.  2D). 
Notably,  PP2  could  not  block  the  proliferation 
induced  by  E2  in  MCF-7  and  ZR-75-1  cells  but  par¬ 
tially  abolished  E2  stimulation  in  T47D  and  BT474 
cells  (Fig.  2D).  These  results  indicated  that  c-Src 
might  play  a  distinct  role  in  mediating  E2  signalling 
in  wild-type  cells. 
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Fig.  1.  Effects  of  the  c-Src  inhibitor  on  oestrogen  receptor  (ER)  positive  wild-type  cell  lines.  (A)  Blocking  c-Src  phosphorylation  in  ER  positive 
wild-type  cell  lines  by  PP2.  ER  positive  wild-type  cells  were  treated  with  PP2  (5  pM)  in  oestrogenised  medium  at  time  points  as  indicated  and  cell 
lysates  were  harvested.  Phosphorylated  c-Src  was  detected  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  total  c-Src  was  used  for 
loading  control.  (B)  Inhibitory  effects  of  PP2  on  wild-type  ER  positive  cells.  Wild-type  ER  positive  cells  were  seeded  in  24-well  plates  in  triplicate  in 
oestrogenised  medium.  After  1  day,  the  cells  were  treated  with  vehicle  (0.1%  DMSO)  and  PP2  (5  pM)  respectively.  The  cells  were  harvested  after 
7  days  treatment  and  total  DNA  was  determined  using  a  DNA  fluorescence  quantitation  kit.  (C)  Signalling  pathways  change  in  ER  positive  wild- 
type  cells  after  PP2  treatment.  Cell  lysates  were  harvested  as  above.  Phosphorylated  mitogen-activated  protein  kinase  (MAPK)  and  Akt  were 
examined  by  immunoblotting  with  primary  antibodies.  Immunoblotting  for  total  MAPK  and  Akt  was  used  for  loading  controls. 
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3.4.  Effects  of  the  c-Src  inhibitor  on  ER  positive  long-term 
oestrogen  deprived  breast  cancer  cells 

In  two  long-term  oestrogen  deprived  breast  cancer 
cells  (MCF-7:5C  and  MCF-7:2A),  that  overexpress 
ER,  PP2  could  block  c-Src  activation  (Fig.  3A)  and 
abolished  about  25%  of  proliferation  in  MCF-7:5C  cells 
but  without  any  inhibition  in  MCF-7:2A  cells  (Fig.  3B). 
The  inhibitory  effects  of  PP2  were  consistent  with  block¬ 
ing  growth  pathways  in  different  cells.  Phosphorylated 
Akt  was  abolished  in  MCF-7:5C  cells  but  without  con¬ 
tinuous  inhibition  of  MAPK.  PP2  could  not  continu¬ 
ously  block  both  growth  pathways  in  MCF-7:2A  cells 
(Fig.  3C).  Our  previous  data  showed  that  E2  has  thera¬ 
peutic  function  to  induce  apoptosis  in  long-term  E2 
deprived  breast  cancer  cells. We  reasoned  that  a  com¬ 
bination  of  PP2  with  E2  would  enhance  E2-induced 
apoptosis.  Surprisingly,  PP2  did  not  enhance  the  growth 
inhibitory  effects  of  E2  on  these  two  cell  lines  but 


blocked  the  growth  inhibition  induced  by  E2 
(Fig.  3D).  These  data  implied  that  E2-triggered  apopto¬ 
sis  might  be  utilising  c-Src  tyrosine  kinase  as  an  impor¬ 
tant  signalling  pathway.  We  are  currently  investigating 
the  mechanisms  of  how  the  c-Src  inhibitor  blocks  E2- 
triggered  apoptosis. 

3.5.  The  c-Src  inhibitor  effectively  blocked  ER  negative 
breast  cancer  cell  growth 

The  inhibitory  effects  of  the  c-Src  inhibitor,  PP2,  on 
ER  negative  breast  cancer  cell  lines  were  examined  in 
two  wild-type  MDA-MB-231  and  Sk-Br-3  and  two  resis¬ 
tant  cell  lines  MCF-7/F  (ICI  182,780  resistance)  and 
T47D:C42  (long-term  oestrogen  deprived).  PP2  blocked 
the  phosphorylation  of  c-Src  in  all  ER  negative  cells 
(Fig.  4A).  However,  the  growth  inhibitory  effects  of 
the  c-Src  inhibitor  were  different.  PP2  could  inhibit 
80%  of  cell  growth  in  MDA-MB-231  cells.  In  contrast. 
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Fig.  2.  Effects  of  the  c-Src  inhibitor  on  oestrogen  receptor  (ER)  positive  wild-type  cell  lines  under  conditions  with  or  without  basal  E2.  (A)  c-Src 
phosphorylation  changed  after  short-term  absence  of  E2  in  ER  positive  wild-type  cells.  Wild-type  ER  positive  cells  were  cultured  under  conditions 
with  basal  oestrogen  (10%  foetal  bovine  serum  (FBS))  or  without  basal  oestrogen  (10%  dextran-coated  charcoal-stripped  foetal  bovine  serum 
(SFS))  for  3  days,  respectively.  Cell  lysates  were  harvested.  Phosphorylated  c-Src  was  examined  by  immunoblotting  with  primary  antibody. 
Immunoblotting  for  total  c-Src  was  determined  as  loading  control.  (B)  Blocking  c-Src  phosphorylation  in  ER  positive  wild-type  cell  lines  by  PP2 
under  the  conditions  without  basal  oestrogen.  Wild-type  ER  positive  cells  were  cultured  under  the  conditions  without  basal  oestrogen  (10%  SFS) 
for  3  days.  Then  cells  were  treated  with  PP2  (5  pM)  in  10%  SFS  medium  for  24  h  and  cell  lysates  were  harvested.  Phosphorylated  c-Src  was  detected 
by  immunoblotting  with  primary  antibody.  Immunoblotting  for  total  c-Src  was  used  for  loading  control.  (C)  Growth  inhibitory  effects  of  PP2  on 
ER  positive  wild-type  cells  under  conditions  with  or  without  basal  E2.  Wild-type  ER  positive  cells  were  cultured  under  conditions  with  basal 
oestrogen  (10%  FBS)  or  without  basal  oestrogen  (10%  SFS)  for  3  days,  respectively.  Then,  they  were  seeded  in  24-well  plates  in  triplicate.  After  one 
day,  the  cells  were  treated  with  vehicle  (0.1%  DMSO)  and  PP2  (5  pM)  in  oestrogenised  medium  (10%  FBS)  or  E2  free  medium  (10%SFS), 
respectively.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was  determined  as  above.  (D)  The  PP2  had  different  effects  on  E2 
stimulation  in  ER  positive  wild-type  cells.  Wild-type  ER  positive  cells  were  changed  to  E2  free  medium  for  3  days.  Then,  they  were  seeded  in  24-well 
plates.  After  one  day,  the  cells  were  treated  with  vehicle  (0.1%  EtOH),  E2  (10“^mol/L),  PP2  (5  pM)  and  E2  (10“^mol/L)  plus  PP2  (5  pM) 
respectively  in  E2  free  culture  medium.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was  determined  as  above. 
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Fig.  3.  Effects  of  the  c-Src  inhibitor  on  oestrogen  receptor  (ER)  positive  endocrine  resistant  cell  lines.  (A)  Blocking  c-Src  phosphorylation  in 
endocrine  resistant  ER  positive  cells.  MCF-7:5C  and  MCF-7:2A  cells  were  treated  with  PP2  (5  pM)  at  time  points  as  indicated  and  cell  lysates  were 
harvested.  Phosphorylated  c-Src  was  detected  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  total  c-Src  was  used  for  loading 
control.  (B)  Growth  inhibitory  effects  of  PP2  on  endocrine  resistant  ER  positive  cells.  MCF-7:5C  and  MCF-7:2A  cells  were  seeded  in  24-well  plates 
in  triplicate.  After  one  day,  the  cells  were  treated  with  vehicle  (0.1%  DMSO)  and  PP2  (5  pM)  respectively  in  culture  medium.  The  cells  were 
harvested  after  7  days  treatment  and  total  DNA  was  determined  as  above.  (C)  Signalling  pathways  change  in  endocrine  resistant  ER  positive  cells 
after  PP2  treatment.  Cell  lysates  were  harvested  as  above.  Phosphorylated  mitogen- activated  protein  kinase  (MAPK)  and  Akt  were  examined  by 
immunoblotting  with  primary  antibodies.  Immunoblotting  for  total  MAPK  and  Akt  was  used  for  loading  controls.  (D)  The  PP2  blocked  E2- 
induced  inhibition  in  MCF-7:5C  and  MCF-7:2A  cells.  MCF-7:5C  cells  were  seeded  in  24-well  plates  as  above.  After  one  day,  the  cells  were  treated 
with  vehicle  (0.1%  EtOH),  E2  (10“^  mol/L),  PP2  (5  pM)  and  E2  (10“^  mol/L)  plus  PP2  (5  pM)  respectively.  The  cells  were  harvested  after  7  days 
treatment  and  total  DNA  was  determined  as  above.  MCF-7:2A  cells  were  seeded  in  6-well  plates.  After  1  day,  the  cells  were  similarly  treated  as  in 
MCF-7:5C  cells.  The  cells  were  harvested  after  14  days  treatment  and  total  DNA  was  determined  as  above. 


PP2  exerted  no  inhibitory  effects  on  Sk-Br-3  cells  with 
HER2  overexpression  (Fig.  4B).  Inhibition  of  c-Src 
could  efficiently  suppress  around  60%  of  cell  growth  in 
both  resistant  cells,  MCF-7/F  and  T47D:C42 
(Fig.  4B).  The  triple  negative  MDA-MB-23 1  cell  line 
was  the  most  sensitive  to  PP2.  These  results  demon¬ 
strated  that  HER2  amplification  might  be  an  indicator 
for  resistance  to  the  c-Src  inhibitors  in  clinical  trials. 
Further  investigation  indicated  that  PP2  effectively 
blocked  the  MAPK  and  Akt  pathways  in  the  c-Src 
inhibitor  sensitive  cells,  whereas  MAPK  and  Akt  phos¬ 
phorylation  were  increased  in  Sk-Br-3  cells  (Fig.  4C). 
The  data  implied  that  HER2  might  drive  the  growth 
pathways  in  Sk-Br-3  cells. 


3.6.  Activation  status  of  HER2  determined  the  inhibitory 
effeets  of  the  c-Src  inhibitor 

HER2  overexpression  leads  to  a  very  aggressive 
cancer  phenotype  and  poor  patient  survival. c-Src  is 
known  to  bind  to  HER2  and  is  thus  activated  in 
HER2-overexpressing  cancer  cells. BT474  and 
Sk-Br-3  cells  overexpress  endogenous  HER2  (Supple¬ 
mentary  Fig.  SIB),  however,  they  had  different 
responses  to  PP2  (Figs.  IB  and  4B).  To  examine  whether 
HER2  activation  affects  the  inhibitory  rate  of  PP2, 
phosphorylation  of  HER2  was  evaluated.  Among  tested 
cell  lines,  Sk-Br-3,  BT474  and  T47D:C42  cells  had  ele¬ 
vated  though  different  levels  of  HER2  activation.  As  a 
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Fig.  4.  Effects  of  the  c-Src  inhibitor  on  oestrogen  receptor  (ER)  negative  cell  lines.  (A)  Blocking  c-Src  phosphorylation  in  ER  negative  cell  lines  by 
PP2.  ER  negative  cells  were  treated  with  PP2  (5  pM)  for  different  times  as  indicated  and  cell  lysates  were  harvested.  Phosphorylated  c-Src  was 
detected  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  total  c-Src  was  used  for  loading  control.  (B)  Inhibitory  effects  of  PP2  on 
ER  negative  cells.  ER  negative  cells  were  seeded  in  24-well  plates  in  triplicate.  After  1  day,  the  cells  were  treated  with  vehicle  (0.1%  DMSO)  and  PP2 
(5  pM)  in  10%  SFS  medium.  The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was  determined  as  above.  (C)  Signalling  pathways  were 
changed  in  ER  negative  cells  after  PP2  treatment.  ER  negative  cells  were  treated  with  PP2  (5  pM)  for  different  times  as  indicated  and  cell  lysates 
were  harvested.  Phosphorylated  mitogen-activated  protein  kinase  (MAPK)  and  Akt  were  examined  by  immunoblotting  with  primary  antibodies. 
Immunoblotting  for  total  MAPK  and  Akt  was  determined  for  loading  controls. 


control,  HER2  was  undetectable  in  MDA-MB-23 1  cells 
(Fig.  5A).  HER2  was  highly  activated  in  Sk-Br-3  cells 
compared  with  BT474  cells  which  made  it  hypersensitive 
to  lapatinib,  a  dual  tyrosine  kinase  inhibitor  of  HER2 
and  EGER  (Fig.  5B).  The  growth  inhibitory  effects  by 
lapatinib  corresponded  to  the  levels  of  phosphorylated 
HER2  (Fig.  5B).  We  observed  that  HER2  hyper-activa¬ 
tion  rendered  breast  cancer  cell  completely  resistant  to 
PP2,  the  higher  HER  phosphorylation,  the  lower 
responsive  rate  to  PP2  (Fig.  5B).  This  was  further  con¬ 
firmed  by  S  phase  changes  through  flow  cytometric  anal¬ 
ysis  (Fig.  5C  and  Supplementary  Fig.  S4).  Fapatinib 
reduced  S  phase  in  cells  with  higher  HER2  phosphoryla¬ 
tion,  conversely,  PP2  was  effective  in  cells  with  lower 
HER2  phosphorylation  (Fig.  5C  and  Supplementary 
Fig.  S4).  Fapatinib’s  antitumour  activity  was  associated 
with  blocking  phosphorylation  of  HER2  and  the  subse¬ 
quent  inhibition  of  its  downstream  signalling  pathways 
(Fig.  5D  and  Supplementary  Fig.  S5).  Fapatinib 


blocked  MAPK  and  Akt  pathways  in  Sk-Br-3  and 
BT474  cells,  but  it  exerted  no  inhibition  in  MDA-MB- 
231  cells  (Supplementary  Fig.  S5),  which  demonstrated 
that  antiproliferative  effects  of  lapatinib  also  correlated 
with  inhibitory  ability  of  growth  pathways. 

3. 7.  Blocking  c-Src  tyrosine  kinase  reeovered  ERa 
expression  and  redueed  HER2  levels  in  ER  negative  Sk- 
Br-3  eells 

c-Src  may  drive  oestrogen-dependent  ERot  proteoly¬ 
sis  in  a  subset  of  ER  negative  breast  cancer. c-Src 
did  not  play  a  critical  role  in  mediating  growth  path¬ 
ways  in  Sk-Br-3  cells  (Fig.  4B).  To  study  whether  the 
c-Src  inhibitor  can  regulate  ER  turn-over  in  breast 
cancer  cells  with  HER2  amplification,  we  found  that 
PP2  could  recover  ERa  expression  in  Sk-Br-3  cells 
(Fig.  6A).  Real-time  PCR  analysis  showed  that 
mRNA  levels  of  ERot  was  increased  after  PP2  treat- 


Please  cite  this  article  in  press  as:  Fan  P.  et  al.,  Modulating  therapeutic  effects  of  the  c-Src  inhibitor  via  oestrogen  receptor  and  human  epidermal 
growth  factor  receptor  2  in  breast  cancer  cell  lines,  Eur  J  Cancer  (2012),  http://dx.doi.Org/10.1016/j.ejca.2012.04.020 


375 

376 

377 

378 

379 

380 

381 

382 

383 

384 

385 

386 

387 

388 


389 

390 

391 

392 

393 

394 

395 

396 

397 

398 

399 

400 

401 


ARTICLE  IN  PRESS 


EJC  8337 
14MWf  2012 


No.  of  Pages  12 


P.  Fan  et  al  /  European  Journal  of  Cancer  xxx  ( 2012 )  xxx-xxx 


A 


O 

«o 

fk' 

A' 

r\f 

1 

T 

q 

A’ 

u 

< 

q 

q 

o 

O 

q 

u 

§ 

§ 

§ 

CO 

§ 

s 

P-HER2  Y1248 
HER2 
p-c-Src 


Total-c-Src 

p-actin 


B 


C 


Sk-Br-3  MDA-MB-231 

30  n 


con  PP2  Lapatinib  con  PP2  Lapatinib 


HER2  phosphorylation 


Fig.  5.  Activation  status  of  human  epidermal  growth  factor  receptor  2  (HER2)  determined  the  inhibitory  effects  of  the  c-Src  inhibitor.  (A)  Baseline 
HER2  phosphorylation  in  different  cell  lines.  Cell  lysates  were  harvested  from  different  cells.  Phosphorylated  HER2  and  total  HER2  were  examined 
by  immunoblotting  with  primary  antibodies.  Immunoblotting  for  P-actin  was  determined  for  loading  control.  (B)  Inhibitory  effects  of  the  HER2 
inhibitor  and  the  c-Src  inhibitor  on  cells  with  elevated  HER2  phosphorylation.  Sk-Br-3,  BT474,  T47D:C42  and  MDA-MB-231  cells  were  seeded  in 
24-well  plates  in  triplicate.  After  one  day,  the  cells  were  treated  with  vehicle  (0.1%  DMSO),  lapatinib  (1  pM)  and  PP2  (5  pM)  in  10%  SFS  medium. 
The  cells  were  harvested  after  7  days  treatment  and  total  DNA  was  determined  as  above.  (C)  S  phase  changes  after  lapatinib  and  PP2  treatment. 
Sk-Br-3  and  MDA-MB-231  cells  were  treated  with  vehicle  (0.1%  DMSO),  lapatinib  (1  pM)  and  PP2  (5  pM)  for  24  h.  Cells  were  harvested  and  fixed 
with  75%  EtOH.  Cell  cycles  were  analysed  through  ffow  cytometery.  (D)  Blocking  HER2  phosphorylation  after  lapatinib  treatment.  Sk-Br-3  and 
BT474  cells  were  treated  with  vehicle  (0.1%  DMSO)  and  lapatinib  (1  pM)  for  24  h.  HER2  phosphorylation  was  examined  by  immunoblotting  with 
primary  antibody.  Immunoblotting  for  total  HER2  was  determined  for  loading  control. 


ment  in  Sk-Br-3  cells  (Fig.  6B)  which  implied  that  c- 
Src  was  involved  in  the  regulation  of  ERa  not  only 
in  the  protein  level  but  also  at  the  transcription  level. 
We  further  demonstrated  that  PP2  decreased  HER2 
levels  in  Sk-Br-3  cells  after  extending  treatment  time 
(Fig.  6C).  This  result  also  implied  a  complicated  feed¬ 
back  loop  existed  between  c-Src  and  HER2  in  Sk-Br-3 
cells.  Importantly,  Sk-Br-3  cells  acquired  responses  to 
4-hydroxytamoxifen  and  ICI  182,780  after  short-term 
treatment  with  PP2  (Fig.  6D  and  Supplementary 
Fig.  S6).  Therefore,  it  is  plausible  that  the  simulta¬ 
neous  interruption  of  c-Src  tyrosine  kinase  and  target¬ 
ing  ER  might  be  an  effective  treatment  for  breast 
cancer  cells  with  HER2  amplification.^^ 


4.  Discussion 

We  employed  a  panel  of  well  characterised  breast 
cancer  cell  lines  (MCF-7,  T47D,  ZR-75-1,  BT474, 
MDA-MB-231  and  Sk-Br-3)  and  resistant  cell  lines 
(MCF-7:5C,  MCF-7:2A,  MCF-7/F  and  T47D:C42)  to 
identify  biomarkers  associated  with  the  inhibitory 
actions  of  a  specific  c-Src  inhibitor,  PP2.  PP2  blocked 
c-Src  tyrosine  kinase  activity  in  all  cell  lines  tested.  How¬ 
ever,  the  antiproliferative  effects  of  PP2  were  associated 
with  the  inhibition  of  ERK/MAPK  and/or  PI3K/Akt 
growth  pathways.  ER  positive  and  HER2  hyperactiva¬ 
tion  were  two  important  clinically  related  markers  that 
were  associated  with  the  inability  of  PP2  to  inhibit  both 
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Fig.  6.  Blocking  c-Src  sensitised  cell  to  antioestrogen  in  Sk-Br-3  cells.  (A)  ERa  expression  was  elevated  in  Sk-Br-3  cells  after  PP2  treatment.  Sk-Br- 
3  cells  were  treated  with  PP2  as  indicated.  ERa  expression  was  examined  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  P-actin 
was  determined  for  loading  control.  (B)  ERa  mRNA  was  increased  in  Sk-Br-3  cells  after  PP2  treatment.  Sk-Br-3  cells  were  treated  with  PP2  (5  pM) 
for  the  times  as  indicated.  RNA  was  harvested  in  TRIzol  for  real-time  polymerase  chain  reaction  (PCR)  analysis.  *P  <  0.05,  compared  with  control. 
(C)  HER2  expression  was  down  regulated  in  Sk-Br-3  cells  after  PP2  treatment.  Sk-Br-3  cells  were  treated  with  PP2  for  the  times  as  indicated.  HER2 
was  examined  by  immunoblotting  with  primary  antibody.  Immunoblotting  for  P-actin  was  determined  for  loading  control.  (D)  The  PP2  sensitised 
Sk-Br-3  cells  to  4-hydroxytamoxifen.  Sk-Br-3  cells  were  treated  with  vehicle,  4-OHT  (1  pM),  PP2  (5  pM)  and  4-OHT  (1  pM)  plus  PP2  (5  pM)  in 


10%  foetal  bovine  serum  (FBS)  medium.  The  cells  were  harvested  after 
compared  with  control. 


wild-type  and  different  resistant  breast  cancer  cells.  Tri¬ 
ple-negative  breast  cancer  cells,  defined  by  a  lack  of 
expression  of  oestrogen,  progesterone  and  HER2  recep¬ 
tors,  were  the  most  sensitive  to  the  c-Src  inhibitor. 

The  therapeutic  mechanisms  of  the  c-Src  inhibitor  are 
to  block  its  phosphorylation  and  subsequent  growth 
pathways. It  has  been  reported  that  cancer  cells  which 
do  not  manifest  detectable  c-Src  phosphorylation  are 
resistant  to  the  c-Src  inhibitor.^^  Generally,  cells  with 
higher  c-Src  activity  were  more  sensitive  to  PP2 
(Fig.  4B),  but  not  all  cells  with  elevated  c-Src  tyrosine 
kinase  activity  were  able  to  be  effectively  inhibited  by 
the  c-Src  inhibitor  such  as  ZR-75-1,  MCF-7:2A  and  Sk- 
Br-3  cells  (Figs.  IB  and  4B).  Thus,  the  level  of  c-Src  phos¬ 
phorylation  is  not  sufficient  to  distinguish  responsive  cells 
from  cells  resistant  to  the  c-Src  inhibitor.  Growth  inhibi¬ 
tion  also  depends  on  whether  c-Src  directly  mediates 
growth  pathways  in  a  special  type  of  cell.  We  consistently 
found  that  the  levels  of  MAPK  phosphorylation  and/or 
Akt  phosphorylation  were  reduced  by  PP2  in  responsive 


days  treatment  and  total  DNA  was  determined  as  above.  *P  <  0.05, 


cell  lines  but  not  in  resistant  cell  lines  (Figs.  1C,  3C,  and 
4C). 

The  non-receptor  tyrosine  kinase  c-Src  acts  as  a 
critical  molecule  in  relaying  ER  signalling,  including 
non-genomic  and  genomic  actions. Its  activity  is 
modulated  by  E2  through  multiple  mechanisms,  leading 
to  breast  cancer  cell  proliferation,  invasion  and  metasta¬ 
sis.^’^  Consistently,  the  growth  inhibitory  effects  by  the 
c-Src  inhibitor  on  ER  positive  cells  appear  to  be  more 
complex  than  on  ER  negative  cells  in  present  work.  Most 
ER  negative  breast  cancer  cells  were  sensitive  to  the  inhi¬ 
bition  by  PP2  (Fig.  4B).  However,  the  majority  of  ER 
positive  cells  were  not  sensitive  to  PP2  regardless  of 
whether  they  were  wild-type  or  long-term  oestrogen 
deprived  cells  (Figs.  IB  and  3B).  Although  PP2  had  mod¬ 
erate  ability  to  inhibit  some  ER  positive  wild-type  cell 
growth  (Fig.  IB),  inhibitory  effects  by  it  varied  under  con¬ 
ditions  with  or  without  basal  E2  (Fig.  2C).  Our  results 
also  demonstrated  that  c-Src  mainly  mediated  E2 
responses  which  included  E2-stimualted  growth  and  E2- 
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442  induced  apoptosis  in  ER  positive  cells  (Figs.  2D  and  3D). 

443  These  functions  might  disturb  the  therapeutic  effects  of 

444  the  c-Src  inhibitor  on  ER  positive  cells.  Although  the  c- 

445  Src  inhibitor  shows  limited  activity  in  ER  positive  cells 

446  as  a  single-agent,  c-Src  is  consistently  activated  after 

447  ER  targeting  treatment  with  tamoxifen^“^^  which  plays 

448  a  critical  role  in  mediating  migration  and  invasion  in 

449  Q6  tamoxifen  resistant  cells. Therefore,  combined 

450  together  the  c-Src  inhibitor  and  ER  blockade  may  delay 

451  endocrine  resistance  and  increase  the  therapeutic 

452  effects.^"^ 

453  The  function  of  c-Src  has  been  linked  to  its  associa- 

454  tion  with  the  HER2/Neu  epidermal  growth  factor  recep- 

455  tor  family  members. In  this  study,  increased  expression 

456  of  EGER  (MDA-MB-231  and  MCF-7/F)  did  not  affect 

457  the  inhibitory  effects  of  PP2,  but  HER2  overexpression 

458  was  an  indicator  for  the  resistance  to  PP2  (Fig.  4B). 

459  Finn  et  al.^^  also  reported  HER2  amplification  was  a 

460  predictive  marker  for  resistance  to  a  c-Src  inhibitor, 

461  dasatinib,  in  breast  cancer  cells.  However,  both  BT474 

462  and  Sk-Br-3  cells  overexpress  endogenous  HER2,  they 

463  had  differential  responses  to  PP2  (Figs.  IB  and  4B).  Fur- 

464  ther  investigation  demonstrated  that  status  of  HER2 

465  activation  determined  the  inhibitory  rate  of  PP2,  the 

466  higher  HER2  phosphorylation,  the  lower  inhibitory  rate 

467  of  PP2  (Fig.  5B  and  C).  HER2  was  highly  activated  in 

468  Sk-Br-3  cells  compared  with  BT474  cells  which  made 

469  it  hypersensitive  to  the  HER2  inhibitor  but  not  the  c- 

470  Src  inhibitor  (Fig.  5A  and  B).  Therefore,  status  of 

471  HER2  activation  may  be  a  better  predictive  biomarker 

472  for  resistance  to  the  c-Src  inhibitor  than  currently  avail- 

473  able  total  HER2  determined  by  immunohistochemistry 

474  (IHC)  or  fluorescent  in  situ  hybridisation  (FISH).^^ 

475  The  triple  negative  MDA-MB-23 1  cells  are  character- 

476  ised  by  a  point  mutation  at  codon  13  in  the  K-RAS 

All  gene.^^  This  mutation  is  responsible  for  the  constitutive 

478  phosphorylation  of  ERK 1/2  which  leads  to  a  very  aggres- 

479  sive  cancer  phenotype. Among  tested  cell  lines,  we 

480  observed  that  PP2  could  not  completely  block  c-Src 

481  phosphorylation  in  MDA-MB-231  cells  within  the  first 

482  24  h  (Figs.  lA,  2B,  3A,  and  4A).  But  the  level  of  c-Src 

483  phosphorylation  was  gradually  decreased  (Fig.  4A).  We 

484  prolonged  treatment  time  to  4  days,  the  level  of  c-Src 

485  phosphorylation  was  clearly  decreased  (supplementary 

486  Fig.  S7).  It  is  unclear  how  EGFR  and  K-RAS  regulate 

487  the  function  of  c-Src  in  MDA-MB-231  cells.  The  c-Src 

488  inhibitor,  PP2,  effectively  suppressed  growth  in  MDA- 

489  MB-231  cells,  which  demonstrated  that  triple  negative 

490  breast  cancer  cells  depend  on  c-Src  to  proliferate 

491  (Fig.  4B).  Two  independent  studies  support  our  observa- 

492  tion  by  showing  that  the  majority  of  dasatinib  sensitive 

493  breast  cancer  cell  lines  were  ‘basal’  type  or  ‘triple-nega- 

494  tive’.^"^’^^  The  hyper- sensitivity  to  the  c-Src  inhibitors 

495  provides  a  good  therapeutic  option  for  the  clinical  triple 

496  negative  breast  cancer  (TNBC)  patient.  However,  the 

497  TNBC  is  actually  a  highly  diverse  group  of  cancer, so 


that  the  determination  of  ER,  PR  and  HER2  is  not  a  pre¬ 
cise  classification  to  subtype  this  aggressive  disease. 
MDA-MB-231  cells  can  not  represent  clinical  TNBC 
model.  Recent  Phase  II  clinical  trial  shows  that  single¬ 
agent  dasatinib  has  limited  activity  in  unselected  patients 
with  TNBC,^^  which  suggests  that  a  strategy  of  better 
patient  selection  with  gene  signatures  is  required  to  fur¬ 
ther  evaluate  the  potential  of  the  c-Src  inhibitors  in 
TNBC  patient. 

In  summary,  this  study  demonstrated  a  complex  asso¬ 
ciation  exists  among  ER,  HER2  and  c-Src  in  different 
breast  cancer  cell  lines.  Moreover,  our  results  under¬ 
scored  that  ER  expression  and  HER2  overexpression 
(especially  over-activation)  might  be  causes  of  resistance 
to  a  c-Src  inhibitor  in  breast  cancer.  Our  findings  may  be 
of  value  for  future  clinical  investigation  to  determine  the 
therapeutic  efficacy  of  c-Src  inhibitors  in  ER  negative 
breast  cancer  with  or  without  HER2  over-activation. 
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ABSTRACT 

RNA  interference  has  been  widely  used  to  identify 
genes  involved  in  the  production  of  particular  biological 
phenotypes.  This  type  of  gene  silencing  technology  has 
been  used  in  plants,  invertebrates  and  mammalian  sys¬ 
tems  [1].  The  availability  of  the  sequences  of  large  num¬ 
bers  of  genes  has  allowed  large  libraries  of  siRNAs  to  be 
produced.  To  effectively  use  these  libraries  in  screens, 
high-throughput  robotic  screening  methodologies  have 
been  devised.  The  identification  of  meaningful  results 
from  any  screening  system  requires  the  analyst  to  iden¬ 
tify  and  discount  variances  in  output  that  arise  from  the 
devices  used  in  the  screen  as  well  as  variances  that  arise 
from  biological  components  in  the  screen  that  are  unre¬ 
lated  to  gene  silencing.  In  this  developing  technology, 
this  analytical  task  is  made  difficult  by  variances  in  up¬ 
take  of  the  siRNAs  by  the  cells,  variations  in  the  magni¬ 
tude  of  the  silencing  effect,  and  mechanical  effects  that 
can  produce  systematic  alterations  in  cell  delivery  and 
cell  growth  during  the  experiment.  To  examine  how  the 
analysis  can  be  optimized,  models  of  the  screening  proc¬ 
ess  have  been  built  using  estimates  of  the  various  noise 
and  signal  variances  derived  from  available  screen  data. 
Synthetic  data  was  then  generated  from  this  model  and 
used  to  test  the  capability  of  a  number  of  data  normaliza¬ 
tion  methods  to  reduce  noise  and  allow  signal  detection. 

1.  INTRODUCTION 

RNA  interference  is  a  process  by  which  the  functionality 
of  a  gene  is  silenced  by  introducing  short  RNA  oligonu¬ 
cleotides  whose  sequence  is  complementary  to  a  specific 
region  of  the  mRNA  of  the  target  gene.  In  theory  any 
gene  can  be  silenced,  so  these  methods  provide  a 
broadly  applicable  way  to  study  the  phenotypic  conse¬ 
quences  of  the  loss  of  a  particular  gene’s  function.  As 
this  assay  can  be  readily  carried  out  in  parallel  if  the  as¬ 
say  readout  is  a  simple,  optically  accessible  endpoint,  it 
has  been  exploited  in  screens  where,  single  or  multiple 
target-specific  siRNA  species  are  applied  to  cells  in  in¬ 
dividual  wells  of  a  microtiter  plate.  The  ability  to  design 
the  silencing  RNA  is  not  perfect,  any  individual  species 
has  an  approximately  30%  chance  of  reducing  the 
mRNA  levels  by  70%,  so  it  is  common  practice  to  use 
several  different  species  for  each  gene  to  be  screened.  In 
order  to  screen  tens  of  thousands  of  genes,  high- 
throughput  methods  that  borrow  heavily  from  method¬ 
ologies  used  for  drug  screening  have  been  implemented. 
Drug  screening  has  been  widely  used,  and  a  variety  of 


methods  have  been  proposed  for  noise  reduction  in  these 
types  of  screen  [2]. 

It  is  typical  in  engineering  to  build  models  to  study  proc¬ 
ess  noise.  These  models  are  then  used  to  study  the 
downstream  effects  of  both  the  noise  and  proposed  noise 
reduction  methods  on  analytic  accuracy.  Modeling  stud¬ 
ies  have  been  applied  to  optimize  the  analysis  of  high- 
content  array  technology  [3].  Understanding  the  vari¬ 
ances  in  processes  carried  out  in  biological  systems  is 
not  an  easy  task,  since  there  are  usually  several  types  of 
noise-producing  sources  to  be  dealt  with.  It  has  been 
helpful  in  some  cases  to  make  approximate  data  models 
that  allow  mathematical  descriptions  of  the  different 
sources  to  be  individually  specified,  and  then  operate  the 
aggregate  model  using  different  settings  for  the  various 
parts  to  more  clearly  see  how  various  noise  and  normali¬ 
zation  treatments  impact  analytical  accuracy.  This  type 
of  approach  allowed  the  development  of  improved  data 
extraction  methods  for  gene  expression  from  microar¬ 
rays  [4].  Models  for  siRNA  high-content  screening  tech¬ 
nology  would  give  greater  insight  both  for  understand¬ 
ing  the  behavior  of  the  cells  in  the  assay  and  of  the  char¬ 
acteristics  of  the  screening  procedure. 

The  proposed  model  of  siRNA  screening  attempts  to 
generate  synthetic  data  where  all  of  the  known  sources 
of  signal  and  noise  are  represented.  The  model  is  sto¬ 
chastic  with  appropriate  statistical  distributions  assigned 
to  its  controlling  parameters.  This  type  of  approach  is 
aimed  at  identifying  the  best  data  extraction  procedures. 
This  will  reduce  Type  I  (false  positive)  errors  and  Type 
II  (false  negative)  errors.  In  this  work  five  different 
standardization  methods  are  tested  using  synthetic  data 
for  which  the  ground  truth  is  known,  making  it  possible 
to  effectively  evaluate  true  and  false  hit  rates  against 
presence  of  variable  amounts  and  types  of  noise. 

2.  PROCESS  MODEL 

This  process  is  modeled  against  a  high  throughput  ro¬ 
botic  system  that  deposits  cells,  siRNA  species  and 
drugs  into  the  wells  of  a  series  of  384  well  plates.  After  a 
prescribed  period  of  incubation  at  a  controlled  tempera¬ 
ture  a  luminescent  reporter  whose  output  is  proportional 
to  the  number  of  live  cells  is  added  and  then  a  photome¬ 
ter  quantifies  the  luminescence.  The  typical  assay 
screens  for  genes  whose  functional  inactivation  allows 
exposure  to  a  level  of  drug  that  would  normally  produce 
only  a  small  reduction  in  cell  growth  to  achieve  a  very 
high  reduction  in  cell  growth,  identifying  genes  that  po¬ 
tentiate  drug  response.  In  the  current  model  we  assume 
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that  unperturbed  cells  grow  evenly  in  all  the  wells,  that 
introduction  of  an  effective  small  siRNA  sequence  will 
achieve  80%  or  higher  silencing  and  that  most  of  the 
genes  silenced  are  not  a  part  of  the  process  that  the  drug 
targets  and  therefore  do  not  exhibit  any  reduced  (or  en¬ 
hanced)  cell  growth  phenotype.  The  model  also  assumes 
that  a  modest  number  of  gene  silencing  events  result  in  a 
significant  change  in  cell  growth.  At  each  of  the  assay 
stages,  distributional  randomness  will  account  for  vari¬ 
abilities  that  may  occur  in  reality.  Our  focus  will  be  on 
modeling  the  resultant  luminescent  level  indicating  cell 
growth/survival  that  arise  from  the  differing  treatments 
applied  in  this  assay.  A  complete  assay  reports  lumines¬ 
cence  for  untreated  cells,  drug  treated  cells,  siRNA 
treated  cells  and  drug  plus  siRNA  treated  cells. 

The  system  is  modeled  statistically  with  appropriate  dis¬ 
tribution  to  simulate  the  effects  each  of  these  four  condi¬ 
tions  will  produce  on  cell  growth.  We  will  describe  the 
modeling  of  these  changes  in  this  section.  At  the  start, 
before  any  treatment,  the  cells  in  the  treated  well  will  be 
very  similar  to  untreated,  control  cells.  A  normal  distri¬ 
bution  with  set  mean  would  be  an  ideal  approximation, 
where  U  and  T  are  the  untreated  and  treated  intensities. 
At  the  beginning  of  an  experiment,  raw  cells  are  ex¬ 
pected  to  follow  a  normal  distribution. 

(1) 

Process  1:  No  siRNA,  No  Drug,  in  this  process  the 
treated  and  untreated  observation  is  expected  to  be  the 
same  as  no  treatment  is  introduced,  but  the  system  of 
observation  will  have  a  noise  modeled  by  a  additive 
gaussian. 

U,=U+N[ju^,cj^)  (2) 

T,=U  +  N{iu„,cj„)  (3) 

Where  =  0,cr„  =  KE[U] 

Process  2:  Addition  of  siRNA;  is  expected  to  affect  se¬ 
lective  genes  and  in  most  cases  the  siRNA  will  not  affect 
growth/survival,  meaning  there  will  be  no  observable  ef¬ 
fect.  In  those  cases  where  siRNA  silences  a  gene  that  al¬ 
ters  the  cell’s  intrinisic  growth  or  survival,  it  is  expected 
to  change  the  number  of  cells  present  when  the  assay  is 
read  out.  The  most  common  result,  when  there  is  an  ef¬ 
fect,  is  a  reduction  in  growth/survival,  leading  to  de¬ 
creased  luminescence.  These  changes  due  to  siRNA  can 
be  modeled  by  discrete  events  selected  by  probability  of 
chance,  which  are:  positive  siRNA  silencing  (decreased 
luminescence,  above  pi=\5%  chance),  no  change  (over 
/?2=80%  chance),  and  increased  luminescence  (in  a  small 
number  of  cases,  p3=5%  chance).  The  probabilities  indi¬ 
cated  are  the  levels  observed  in  most  cases.  If  an  siRNA 
event  is  chosen  to  happen  then  the  amount  of  change  is 
defined  by  a  factor  pr  ,  a  random  variable  made  to  follow 
an  exponential  distribution.  This  produces  the  extent  of 
change  (enhancement  or  decrement)  in  the  small  number 
of  cases  where  silencing  has  a  large  effect.  The  magni¬ 
tude  of  change  will  be  a  fold  change,  factored  by  a 
power  factor  niR  ,  which  can  take  values  from:  [r7=-0.15. 


^2=0,  r5=0.05]  selected  by  discrete  probabilities.  A  posi¬ 
tive  scale  factor  will  mimic  silencing  effects  decreasing 
growth/survival  and  a  negative  scale  factor  will  model 
enhanced  growth/survival.  In  addition  any  experimental 
repetition  of  the  same  treatment  would  result  in  some 
variation  modeled  by  an  additive  noise.  The  Untreated 
(no  addition)  and  Treated  observations  with  the  addition 
of  siRNA  will  then  be: 

U^=U  +  n{ju^,(T„)  (4) 

T, ={p,y‘T,+N{M„a„)  (5) 

Where  ~  Exp{~,),  m,  e  {r„r„r,}  with  e  {p„p„p,} 

Process  3 :  Addition  of  drug  to  the  cells  will  have  a  small 
and  negative  effect  on  cell  growth  with  some  amount  of 
randomness  to  emulate  experimental  conditions.  This 
change  is  modeled  by  a  small  decrement  in  growth  be¬ 
lieved  to  uniformly  affect  all  the  cells  which  is  modeled 
by  a  shift  ho  (kD«  1 ).  This  process  is  made  to  follow  a 
normal  distribution  to  mimic  a  small  change  within  the 
plate,  the  scale  factor  k  is  made  a  small  percentage  to  the 
mean.  The  drug  effect  will  then  be. 

U,  =  U +  N{p„,a„)  (6) 

T, =(\-k^)T,  +N{ju„,CJ,)-,  (7) 

Where  ~ 

Process  4:  Addition  of  siRNA  and  Drug  to  the  experi¬ 
ment  will  in  most  cases  result  in  cumulation  of  individ¬ 
ual  effects.  This  is  modeled  as  a  multiplicative  effect  that 
happens  in  most  cases  (occurrence  Pro  set  to  80%).  A  si¬ 
lenced  gene  that  enhances  drug  efficacy  is  expected  to 
be  highly  detrimental  to  the  cell’s  mortality,  producing  a 
considerable  reduction  in  luminescent  level.  This  syner¬ 
gistic  effect  is  modeled  as  a  multiplicative  factor  (l/A:^), 
where  the  scale  kc  has  a  several  events  with  discrete 
probability  of  occurrence. 

U, =U  +  N{p„,a„)  (8) 

T,=f,{t)T,+N{p^,ay,t~U(Q,\)  (9) 

where  J 

with  e  {ps, ,  PS2 ,  ps^ ,  ps^ ,  ps^ ,  ps^ ,  ps^ } 

The  proposed  model  is  thus  quite  flexible.  Each  source 
of  signal  and  noise  for  each  type  of  treatment  is  indi¬ 
vidually  modeled  as  random;  with  an  appropriate  prob¬ 
ability  distribution  and  the  overall  model  can  be  adapted 
for  any  further  type  of  change  as  the  high  throughput 
system  evolves.  Typical  data  output  is  shown  in  Figure 
1.  Where  the  model  is  simulating  the  process  at  set  lev¬ 
els  of  additive  experimental  noise  factor  (k^). 
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Figure  1.  Distribu¬ 
tion  of  the  process 
(overall)  with  no 
normalization,  noise 
levels  at  A:n  =  0.45. 


3.  STANDARDIZATION  METHODS 

In  the  recent  years  the  evolution  of  high-throughput 
technologies  have  led  to  broad  use  of  normalization 
methods  in  biological  assays  such  as  expression  arrays, 
SNP  arrays,  protein  mass  spectrometry,  etc.  Each  of 
these  multi-analyte  assays  have  different  experimental 
and  biological  sources  of  noise  to  contend  with.  siRNA 
screens  have  some  similar  and  some  different  issues  than 
other  biological  assays.  The  highest  variations  in  siRNA 
screening  results  have  tended  to  derive  mainly  from  two 
sources.  The  delivery  of  cells  to  the  assay  plates  is 
somewhat  complicated  by  the  tendency  of  the  cells  to 
settle  in  the  media,  which  can  lead  to  systematic  varia¬ 
tions  when  many  plates  are  processed.  Another  techni¬ 
cally  troublesome  problem  is  variance  in  the  rate  of  up¬ 
take  of  the  siRNA  during  transfection,  which  can  be  sys¬ 
tematic  or  sporadic,  and  varies  on  a  cell  line  by  cell  line 
basis.  The  first  variation  is  relatively  easier  to  correct 
based  on  observing  the  variations  within  and  among  the 
plates.  The  variance  in  level  of  silencing  is  harder  to  ac¬ 
count  for  as  these  type  of  changes  are  less  systematic.  In 
our  analysis  we  examine  four  types  of  normalization 
methods  to  correct  for  the  systematic  errors,  namely:  (a) 
plate-wise  median,  (b)  median  polish  (c)  B-score  (d)  re¬ 
gression  based  correction  order). 

3.1  Plate-wise  median:  A  median  value  at  plate  level 
was  computed  and  used  as  a  standardization  factor  to 
rank  all  the  luminescence  levels  individually  for  un¬ 
treated  and  treated  observations.  This  method  compen¬ 
sates  for  the  plate  level  changes  but  is  known  to  shrink 
the  range  of  the  data  while  being  immune  to  outliers.  If  s 
a  popular  approach  used  in  many  biological  plate-based 
screens  to  compensate  for  systematic  errors.  The  obser¬ 
vation  for  a  plate  p  will  be  computed,  where  Xi  would  be 
‘untreated’  or  ‘treated’  observation  for  position  for 
pth  plate  or  screen,  x'.  =  {xj median{X ^y) 

3.2  Median  polish:  This  is  a  variation  of  2-way 
ANOVA  first  proposed  by  John  Tukey  [5]  to  be  immune 
to  outliers,  by  using  medians  instead  of  means.  In  a  data 
set  where  the  row  effect  is  independent  of  column  effect 
with  the  assumption  that  the  change  is  additive  in  nature, 
median  polish  method  corrects  the  variations  by  obtain¬ 
ing  the  residues  along  either  direction.  It  is  a  classical 
method  known  to  be  resistant  to  outliers.  The  row  and 
column  estimates  are  obtained  by  iteratively  subtracting 
the  group  effects  by  taking  the  median  along  each  direc¬ 


tion.  In  our  experiment,  the  median  polish  residues  ob¬ 
tained  individually  for  untreated  and  treated  observation 
for  each  plate,  we  limited  to  one  iteration  along  either  di¬ 
rection.  If  U  and  T  are  untreated  and  treated  observation 
for  a  plate  p,  the  two-way  compensated  observation  will 
be 

u;=iu^-u^)  (10) 

T;  =  (T^-f^)  (11) 

Where  n  andf  residues  were  obtained  using  the  addi- 

p  p 

tive  data  model.  This  type  of  standardization  as  a  method 
is  adapted  to  siRNA  screening  in  this  work. 

3.3  BScore:  The  B-score  {Better  score)  was  first  pro¬ 
posed  by  Brideau  et.al  [2]  to  compensate  systematic  er¬ 
rors  in  high  throughput  drug  screens.  It  was  assumed 
that  the  drug  screens  had  independent  row/column  ef¬ 
fects  with  the  assumption  that  the  noises  are  additive. 
The  plate-wise  screens  were  subject  to  window  smooth¬ 
ing  along  row  and  column  to  even  out  variations  and  fol¬ 
lowed  by  a  median  polish  to  obtain  residues.  The  proce¬ 
dure  is  repeated  until  the  residues  converge;  in  most 
cases  they  converge  in  few  runs.  In  order  to  save  compu¬ 
tational  time  with  out  compromising  the  polish,  an  upper 
limit  was  set  on  the  number  of  iterations  (4  =5).  These 
residues  where  then  divided  by  the  median  absolute  de¬ 
viation  for  the  screen  to  standardize  per  screen  or  plate. 
This  method  compensates  for  outliers  effectively  but  the 
smoothing  process  seems  to  hide  scattered  individual 

changes.  If  e^j  ^  is  the  residue  obtained  after  smoothing 

for  a  plate  p,  then  Bscore  is  defined  as  e.j  ^  /  MAD ^  , 

where  MADp  is  the  median  absolute  deviation  of  the 
residues  for  a  plate  p. 

3.4  Regression:  The  regression  methods  are  widely  used 
in  microarray  analysis  to  correct  the  channel  variations, 
between  experiment  and  control  [6].  We  use  this  ap¬ 
proach  in  the  siRNA  model  study  with  the  basic  assump¬ 
tion  that  the  change  in  untreated  and  treated  samples 
tend  to  have  same  distributional  trend  and  the  scatter 
plot  will  make  them  stay  on  the  45  degree  line.  Any  de¬ 
viation  from  the  scatter  is  due  to  systematic  variations 
and  such  variations  corrected  by  minimizing  the  mean 
square  error  between  them.  If  U  and  T  be  the  untreated 
and  treated  samples  for  a  plate  p  then  the  coefficients  are 
obtained  by  minimizing, 

e\Up  -TpY]=  eIup  - +  a^Tp  +  a„ ))'  J  (12) 

In  our  study  both  first  order  (ay,  ag)  and  second  order 
{a 2,  aj,  ao)  coefficients  are  computed.  All  the  regression 
correction  is  carried  out  plate-wise.  The  method  is 
adapted  to  siRNA  screening  using  experience  from  ex¬ 
pression  arrays  [6]. 

4.  HIT  DISCOVERY  AND  RESULTS 

The  process  model  is  simulated  with  some  global  pa¬ 
rameters  estimated  from  the  real  data  (plate  mean,  plate 
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spread)  and  the  performance  of  the  normalizations  are 
evaluated  to  determine  their  effects  on  hit  rates  against 
various  noise  types  and  levels.  Most  parameters  could 
not  be  estimated  due  to  unavailability  of  control  experi¬ 
ments.  To  offset,  the  controlling  parameters  are  made  to 
follow  a  distribution  which  makes  the  study  relevant  for 
a  possible  range  of  true  variation.  Once  the  model  proc¬ 
ess  is  generated  for  each  of  the  conditions  (-siRNA/- 
Drug;  +siRNA/-Drug,  -siRNA/+Drug,  siRNA/+Drug) 
the  difference  is  computed  between  the  untreated  and 
treated  conditions  for  each  condition.  A  confidence  level 
(at  99%  or  ~3a)  was  obtained  for  the  difference  distri¬ 
bution  of  untreated  to  treated  under  the  No-siRNA,  No- 
Drug  condition.  This  limit  was  used  to  mark  a  gene  as  a 
change  or  a  hit  (Treated>Untreated  or 
treated<Untreated).  It  is  widely  believed  that  the  ability 
to  accurately  determine  a  hit  will  decay  as  the  level  of 
model  noise  increases.  Figure  2  shows  the  entire  system 
model  and  Table  1.  lists  the  parameters  used  for  the 
model  simulation. 
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Figure  2.  siRNA  process  model 

For  these  evaluations  the  process  is  repeated  large  num¬ 
ber  of  times  (Ai?=1000)  and  the  ratio  of  hits  found  by 
analysis  to  the  ground  truth  number  of  generated  hits  is 
found  for  each  repeat  and  reported.  This  ratio  gives  a 
measure  of  system  accuracy.  The  hit-ratio  is  averaged 
over  all  the  repeats.  A  glimpse  of  the  main  inferences  is 
provided  in  Figure  3,  showing  the  average  hit  rate  for 
With-siRNA,  With-Drug  at  two  different  experimental 
noise  level  (a^ ),  plotted  for  various  levels  of  enhance¬ 
ment.  In  this  case  the  confidence  level  set  by  the  No- 
siRNA,  No-Drug  condition,  but  the  model  performance 
could  be  evaluated  with  different  types  of  treatments.  It 
is  interesting  to  observe  that  the  hit  discovery  rate  de¬ 
creases  with  the  increase  in  additive  noise  or  equiva¬ 
lently  experimental  variability,  in  some  cases  noise  seem 
to  help  in  the  discovery.  At  low  noise  levels  (first  panel) 
experiment  behaves  as  expected,  the  average  hit  rate 
spreads  evenly  in  either  direction  of  the  enhancement  (in 
log  scale,  log  1=0).  It  is  interesting  to  note  poor  per¬ 
formance  of  B-Score  and  median  polish  mainly  attribut¬ 
able  to  the  data  fitting  procedure  for  B-score,  which  may 
not  be  appropriate  for  siRNA  screens.  Median  polish 
may  remove  system  variations  more  than  needed.  Re¬ 
gression  and  median  scaling  seem  to  perform  equally 
well.  As  the  noise  level  increases;  at  lower  negative  en¬ 
hancement  levels  hit-rate  seem  to  be  poor.  Additive 
noise  seems  to  aid  positive  enhancement  factors,  it  is  to 
be  noted  that  negative  enhancement  (or  reduction  in 
growth)  is  of  interest  in  siRNA  studies.  As  expected,  at 
high  levels  of  enhancement  most  methods  perform  well, 
even  without  standardization.  It  is  to  be  noted,  at  the 


highest  levels  of  enhancement  of  the  effect  of  the  silenc¬ 
ing  event,  the  hit  rate  plots  drop  to  zero.  This  is  not  due 
to  non-recognition  of  the  events,  but  to  their  improbabil¬ 
ity  in  the  model.  The  probability  of  these  very  large 
changes  is  quite  low  and  there  are  frequently  no  point 
modeled  in  these  ranges.  We  are  in  the  process  of  esti¬ 
mating  the  parameters  from  the  real  experiments  and 
hope  to  carryout  model  studies  to  better  understand  the 
system. 
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Figure  3.  Average  hit  ratio  of  observed  to  true  markers  using 
eonfidenee  level  set  hy  No-siRNA,  No-Drug  experiment  for 
+siRNA,+Drug  eondition  at  two  different  noise  levels.  The 
green  line  (with  +)  shows  the  hits  diseovered  with  no¬ 
standardization,  hits  with  loeal  median  standardization  is 
shows  in  blue  (with  +),  hits  with  median-polish  is  shown  in 
eyan  (with  *),  hits  with  5-seore  standardization  is  shown  in 
magenta  (with  square),  hits  with  regression  (f^  order)  is  shown 
in  yellow  (with  diamond),  hits  with  regression  (2^^  order)  is 
shown  in  blaek  (with  down  triangle). 


4 


Table  1.  Parameter  setting  for  the  siRNA  proeess  simula¬ 
tion _ 

(i)  N  sample  =6724 

(ii)  Sample  Level: pg  ~  U[31782, 35313] ;  Og  =Kg  pg; 
Kg-^U[0.05A20] 

(Hi)  Additive  Noise:  pn  =0;  ={0.05;An=0.05;0.45} 

(iv)  SiRNA  effect:  ~  U[a^b^] ;  [aR=50,  bR=100] 

G  {-0.15,  0,  0.05}  withPR  g  {0.15,  0.8,  0.05} 

(v)  Drug  effect:  ~  U[0.1,  0.15];  ks  ,  ~U[0.05,0.1] 

(vi)  Drug  with  siRNA  effect: 

rrO-S;  k^s{s„s„s,M,s„s,}  ={1,1.5, 2, 3,4,5, 7} 

Pc  e  W, ,  PS2 ,  ps^ ,  ps^ ,  ps^ ,  ps^ ,  ps^  } 

={0.4,0.1,0.1,0.1,0.1,0.1,0.1} 

(vii)  Repeats:  Nr  =1000;  (viii)  Control  Probes:  N^p  =0.1 
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